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ABSTRACT
A cellu lose decom posing aerob ic  and m esophilic  bac terium  has 
been iso lated  from  so ils  of sugarcane fie lds. The term inal dilution 
method w as adapted to iso la te  a  single clone of cellu lo lytic organ ism  from  
closely  re la ted  contam inants. The cu ltu ra l and physiological c h a ra c te r­
is tic s  of the iso la te  w ere  studied and the o rgan ism  w as identified a s  a 
m em ber of the genus C ellulom onas. The iso la te  excreted  ce llu lase  into 
the m enstruum  and it hydrolyzed v arious cellu losic  m a te r ia ls  producing 
cellobiose as the final breakdown product in the m enstruum . When sugar­
cane bagasse  was p ro p erly  tre a ted  with a lka li and heat, the o rgan ism  
could decom pose up to 90% of the in itia l su b s tra te  within 5 days. Amino 
acid analysis  of the ce ll crop revealed  a high content of lysine and the 
essen tia l amino acid  p a tte rn  com pared  favorably with that of FAO re fe r ­
ence pro te in . When the organ ism  was grown on cellu lose, cellu lose 
was degraded and u tilized  fo r the ce ll growth and 23% of the consum ed 
cellu lose was converted to pro te in .
A second o rgan ism , which could grow solely  on the end product of 
cellu lose degradation, m ainly cellobiose, w as iso la ted  from  sugarcane 
bagasse to study m ixed cu ltu re -fe rm en ta tio n  of cellu lose. The cu ltu ra l 
and physiological c h a ra c te r is tic s  of the o rgan ism  revealed  that i t  m ost 
probably belongs to the genus A lcaligenes. When the cu ltu res  of 
Cellulom onas and A lcaligenes w ere inoculated together into cellu lose
ix
m edium , a sym biosis w as estab lished , and the growth ra te s  of the two 
o rg an ism s w ere increased .
The cellobiose u tiliz ing  organ ism  produced an inducible B -glucoside- 
sp litting  enzyme. The enzym e was purified  by a sequence of strep tom ycin  
and am m onium  sulfate frac tionations fo’lowed by Sephadex and DEAE column 
chrom atography. The final p rep ara tio n  was purified  130 fold with a reco v ery  
of about 10% of the in itia l enzym e activity . The enzyme had a wide pH 
range of activ ity  v/ith an optim al pH range of 6. 0-7. 0. The enzym e was 
stab le  in solution at pH 6 .5 -7 . 8 when kept a t 30 C fo r 2 h r , but i t  was-/'?
',3
destroyed  by tem p era tu res  above 55 C. At 58 C and 60 C the tim e req u ired  
to inactivate 90% of the in itia l activ ity  was 16 m in. and 6 .5  min. , re sp e c t­
ively. An activation energy  of 9, 500 e a l/m o le  and a  Km value of 1. 25 x 
10_4M was obtained using p -n itropheny l-B -D -g lucoside  (PNPG) as  a 
su b stra te . The Ki value and the ra te  of hyd ro lysis  of cellobiose by the 
enzym e indicated a high affinity of the enzym e fo r  the cellobiose. The 
activ ity  of the enzyme was easily  destroyed  by Cu++ and Hg++ ions. The 
M ichaelis-M enten re la tionsh ip , a Hill plot, and the ra te  of heat inactivation 
indicated the p resen ce  of one type of nonin teracting  active s ite  in the 
b a c te r ia l B -glucosidase. The m olecular w eight of the enzym e was d e te r­
m ined by gel f iltra tio n  (Sephadex G200) and su c ro se  density g rad ien t and a 
value of 120. 000-160, 000 was obtained.
x
INTRODUCTION
Cellulose is  the m o st abundant of a ll naturally  occu rring  organic 
compounds and probably m akes up a t le a s t a th ird  of all the vegetable 
m a tte r  on the earth . The biological degradation of cellu lose has been of 
param ount im portance in  the ac tiv itie s  of living system s. Usually ce llu losic  
products a re  cycled  through an im als befo re  m an can  obtain the n ecessa ry  
nu tritive pro te in  from  his environm ent. D uring th is cycling p ro ce ss , the 
efficiency of conversion of the p lant products to anim al p ro te in s is  depend­
ent upon the d igestib ility  of the cellu losic  products by anim als. Conversion 
efficiency can be in creased  considerably  if the fo rage feed is  p re - tre a te d  
with m icrob ia l enzym es. F u rth e rm o re , because of the explosive in c rease  
in w orld population, it is  becom ing m ore  and m ore im pera tive  to investigate  
a num ber of m eans of obtaining the essen tia l p ro te in s  o ther than those from  
anim als. M icrobial p ro te in s  can be developed as  food substitu tes  suitable 
fo r human consumption. An efficient mode of conversion of ce llu lose  to 
nu tritive  p ro te in s  involves the se lection  of app ropria te  s tra in s  of m ic ro ­
o rg an ism s capable of growing or re a ted  o r  biodegraded cellu losic  w astes.
If the production of m icrob ial p ro te in  is  to be com petitive in cost with 
o ther p ro te in s , i t  is  n ecessa ry  to in c rease  the ra te  of ce llu lose  degradation. 
F o r th is  reaso n  stud ies w ere  undertaken to a sce rta in  the ra te  of in c rease  
of cell m ass  by m ixed inoculation of cellu lolytic organism  with ocher 
o rgan ism s. If a second o rgan ism , which can grow on cellobiose a s  the so le
1
carbon  so u rce , is available, it is  possib le  to estab lish  a sym biosis by mixed 
inoculation of these  cellu lose and cellobiose u tiliz ing  organism s. The net 
re su lt w ill bean  in c rease  in the growth ra te s  of both o rgan ism s.
B -g lucosidases a re  known to be widely d istribu ted  among p lan ts, fungi 
and y eas ts . However, only a few re p o rts  on b ac te ria l B -g lucosidases w ere 
found in the li te ra tu re  and no attem pt has been m ade so fa r  to iso la te  and 
c h a ra c te r iz e  any b ac te ria l B -glucosidase. B -g lucosidase (B-D -glucoside 
g lucohydrolase, E .C .3 .2 .1 .2 1 ) ,  generally  categorized  as  an enzym e which 
hydrolyzes B - 1, 4-g lucosid ic linkage, has a wide v arie ty  of enzym atic 
p ro p e rtie s , depending upon the o rig in  and conditions under which the organ­
ism  was grown. Among the y eas ts , fo r exam ple, Candida tro p ica lis  NCYC 4 
hydrolyzes sa lic in  but not arbuiin , w hereas sev e ra l s tra in s  of Sac ch a r o my c e s 
ce rev is iae  a re  active on arbutin  but ac t only weakly on sa lic in  (14). T hree  
s tra in s  of Saccharom yces lac tis , s tra in  Y-123, Y-14, and Y -1057A, con- 
stitu tively  produce high, m edium and low levels  of B -g lucosidase and have 
d ifferent cata ly tic  and im m unological p ro p e rtie s  (58, 59, 60). The p ro p e rtie s  
of y eas t B -g lucosidase we r e  intensively studied by D uerksen e t al. (14, 15,
18, 19, 58, 59). Je rm y n  investigated , in d e ta il, the p ro p e rtie s  of a fungal 
B -g lucosidase iso la ted  from  Stachybotrys a tr a  (37, 38, 39). Schaefler iso ­
lated  spontaneous m utants of E. coli K-12 capable of ferm enting  a ry l-  
glucoside and studied the induction p a tte rn  of the enzym e and the genetics of 
the m utant system  (84, 85). The B -g lucosidases from  o ther so u rces  such 
a s  sw eet alm onds (31, 32), sheep rum en liquor (6), pig in testine  (12) and a
roo t ro tting  fungus (65) have also  been reported .
The purpose of the re se a rc h  rep o rted  in th is d isse rta tio n  w as to study 
the feasib ility  of conversion  of cellu losic  w aste, such as sugarcane bagasse, 
to edible p ro te in  which can be supplem ented into human foods or anim al 
feeds. C ellulolytic o rgan ism s w ere iso lated  and th e ir  ce llu la r  and enzym atic 
p ro p e rtie s  concern ing  cellu lose degradation w ere  studied.
REVIEW OF LITERATURE
A. Enzym atic H ydrolysis of Cellulose 
Chem ical nature of ce llu lose  fib e rs
The chem ical constituen ts of cellu lose f ib e rs  include cellu lose, hem i- 
ce llu lose , lignin., a wide v a rie ty  of extraneous m a te ria ls , and a sm all amount 
of inorganic m atte r. Table 1 indicates the approxim ate com position of 
d iffe ren t cellu losic fib e rs . The cellu lose in cotton is  associa ted  with only 
a sm all amount of non-cellu losic  po lysaccharides, w hereas wood fib e rs  
and bagasse , the fib rous resid u e  obtained by ex traction  of sugar from  su g ar­
cane, contain sizable am ounts of both hem icellu lose and lignin. M ost of the 
f ib e rs  contain sm all am ounts of pro teinaceous, m inera l, and o ther ex tran ­
eous m a te r ia ls . By v irtu e  of th e ir  d istribu tion  within the cellu lose m atrix , 
each of th ese  associa ted  substances can profoundly influence the suscep­
tib ility  of the cellu lose to enzym atic degradation (9).
C ellulose co n sis ts  essen tia lly  of anhydroglucose re s id u e s  linked to­
g e th er through a B -1 ,4  linkage. The chem ical s tru c tu re  of cellu lose is  
u sually  rep re sen ted  by the following form ula:
c h 2 o h  c h 2o h CH2OH | c h 2o h
'I
c h 2o h  ! c h 2o h
Cellobiose Cellulose
4
5Table 1
Chem ical com position of various cellu losic  fib e rs
C onstituent
Cotton^;
(%>
B irch wood^1 
(%)
Bagasse!-!
<%)
H olocellulose 94. 0 77. 6 70. 5
A lpha-cellu lose 89. 0 44. 9 46. 0
Hemic ellulose 5. 0 32. 7 24.5
Lignin 0 . 0 19.4 19. 9
P ro te in  (Nx6. 25) 1. 3 0. 2 -----
E xtrac tib le  extraneous 
m a te r ia ls 2 .5 2 .5 3. 5
Ash 1. 2 0.3 2. 4
i* Cowling, E. B. (9) 
-  K elle r, A. G. (41)
Cellulose m olecules a re  of indefinite length; the num ber of glucose units per 
m olecule (degree of polym erization , DP) ranges from  as low as 15 to a s  
high a s  7, 000-10, 000. The chain length and chem ical nature of d ifferent 
ce llu lo ses a re  inaicated to som e extent by th e ir  solubility in alkali. Native 
cellu lose which is insoluble in 17.5% NaOH solution has been a rb itra r ily  
te rm ed  alpha-cellu lose  and c o n sis ts  of m olecules of average DP above 200. 
N eutralization of the soluble portion  p rec ip ita te s  the beta-ce llu lo se  which 
contains m a te ria ls  with sh o rte r  chains (DP of 15-200) of anhydroglucose 
units (B-glucans) together with a sso c ia ted  mannans and pentosans. F inally , 
the m a te ria l rem aining  in the neu tra lized  solution is  term ed  gam m a-cellu lose  
(DP under 15); in addition to low m olecu lar weight glucans, it contains 
xylans, arabans and polyuronides (21).
The hem icellu loses consis t of re la tiv e ly  sh o rt po lym ers, m ainly of 
m onosaccharide units o th er than glucose. Originally it was believed that 
each su g ar polym er contained only a  single type of m onosaccharide unit, 
but la te r  evidence indicated that two o r  m ore types of sugar units m ight ex is t 
in a given hem icellu lose m olecule (100). P o lym ers of uronic acids of basic  
sugar units a re  also included among hem icellu loses.
Lignin is  an encrusting  m a te ria l of wood cell w alls. Its  chem ical 
s tru c tu re  is  not defined c lea rly , because it is known only as  the product of 
ce rta in  em pirica l isolation p ro ced u res . It is  known, however, to be a 
com plex polym er of phenylpropane type units. In wood and bagasse  the 
am ount of lignin and hem icellu lose together alm ost equals the cellu lose
content.
The extraneous m a te r ia ls  in ce llu losic  f ib e rs  a re  a heterogeneous 
group of substances ex tractab le  in n eu tra l solvents such as  ethanol, ethanol- 
benzene, acetone,, e ther, and w ater. They include waxes, fa ts , tannins, 
re s in s , soluble sacch arid es  (gums) and c e rta in  chrom ogenic substances. 
V arious cellu losic  f ib e rs  contain a t le a s t 2-3% ex trac tab le  extraneous 
m a te ria ls .
M ultiple components in eellu lo ly tic  system
The enzym atic degradation  of cellu lose has been review ed frequently  
(9, 21, 43, 69, 79), and the question of w hether the p ro cess  is  unienzym atic 
o r m ultienzym atie has been d iscu ssed  by many w o rk ers  (29, 36, 66, 75, 96). 
The reac tio n  between the enzym e ce llu lase  and its  su b stra te  ce llu lose  is  
not sim ple, and is  not fully understood. The m ost difficult aspect of th is 
reac tio n  involves the nature  of the in itia l enzym atic attack on c ry sta llin e  
portions of the cellu losic fib e r (57). It is , how ever, cu rren tly  accepted by 
a m ajo rity  of w orkers (23, 36, 42, 47, 56, 77) that the degradation of native 
cellu lose is  due to two types of enzym es designa.ted and Cx. a c ts  on 
c ry sta llin e  cellu lose in such a way that subsequent action by Cx becom es 
possib le . The mode of action of is  not yet understood. A ccording to 
M andels and R eese (57), ac ts  by breaking or loosening the fo rces  that 
hold the cellu lose m olecules together. T his re su lts  in hydration  of portions 
of the cellu lose  chain. Cx is  a  m ultiple enzym e complex capable of hydrolyzing
the B, 1-4 glucosidic linkages in the cellu lose m olecule. It is  considered  to 
be an endo-enzym e, ie. , one which causes random  b reaks in the chain.
T here  a re , however, re p o rts  that the Cx group of enzym es a re  indeed exo­
enzym es rem oving glucose (44, 102) o r cellobiose un its  (44, 90) successively  
from  the nonreducing end of the cellu lose m olecule in a m anner s im ila r  to 
that of glucoam ylase and B -am ylase . R eese (75) p resen ted  the following 
diagram  to illu s tra te  the d ifferen t s teps in the cellu lo lytic system :
Ci Cx B -glucosidase
Native -------- >- L inear cellu lose --------C e llo b io se ----------------►- Glucose
cellu lose chain
M andels and R eese  (57) proposed  the nam e B, 1 -4 -g lu can ases for these  Cx 
enzym es re se rv in g  the te rm  "ce llu lase"  only fo r the combined C i and Cx 
ac tiv ities. The Cx enzym es a re  repo rted  (57) to hydrolyze c ry sta llin e  ce l­
lulose in the p resen ce  of C l. In the absence of C i they have the ability  to 
degrade (a) cellu lose d eriv a tiv es  (carboxym ethyl ce llu lose), (b) cellu loses 
which have been m odified (swollen) by grinding o r by trea tm en t with concen­
tra te d  acid  o r  alkali, and (c) various glucans which have m ixed linkages 
including B, 1-4 such as  lichenin and the B -glucans of oat and barley .
C ellulolytic o rgan ism s produce both and Cx when they grow on 
native cellu lose. However, C i s  not found in appreciab le  am ounts in cu ltu re  
f il tra te s  of m ost cellu lo ly tic  o rg an ism s, o r in m ost com m ercia l ce llu lase  
p rep ara tio n s  (57). The best so u rce  of C^ is  Trich o d erm a v irid e  (20,- 26) 
and th is enzym e has been m ade availab le com m ercia lly  by sev era l Japanese
m anufac tu rers  (Meiji Seika Co. , Kawasaki o r  Kinki Yakult M anufacturing Co. , 
N ishim iya).
The unienzym atic hypothesis supposes that a single enzym e can ac­
com plish the com plete conversion  of native cellu lose  to glucose or a t leas t, 
a  g lucose-cellob iose  m ixture. If th is  hypothesis is  valid , i t  should be possib le  
to iso la te  a pure  enzym e capable of converting cellu lose com pletely to soluble 
su g ars . In supporting the unienzym atic hypothesis, W hitaker (96, 97) r e ­
ported  that M yrothecium  v e r ru c a r ia  ce llu lase is  a single enzym e capable 
of hydrolyzing native cellu lose to glucose. Kooiman e t al. (50) ag reed  with 
W hitaker on the unienzym atic theory  except that they found a sep a ra te  enzym e, 
ce llob iase , which hydrolyzed cellobiose to glucose.
P roducts  of enzym atic hydro lysis of cellu lose
G lucose is  the end product of com plete hy d ro ly sis  of ce llu lo se  by 
enzym es. When B -g lucosidase is  p re sen t in the cellu lo ly tic  system  i t  p lays 
a m ajor ro le  in the production of glucose. It is  s till uncerta in  w hether glucose 
can be produced in the absence of B -glucosidase. R eese  (75) observed that 
the cu ltu re  f il tra te  of T richoderm a v iride  produced an appreciab le  amount 
of glucose fro m  cellu lose. He believes th is is  due to d ire c t action of Cx on 
cellu lose , since the f il tra te  produced only a tra c e  of g lucose from  cellobiose. 
The f iltra te  of M yrothecium  v e r ru c a r ia , on the o th er hand, produced only 
a tra c e  of glucose from  cellu lose. He speculated that th is  could be due to 
the p resen ce  of ce llob iase  in the enzyme solution. Thus he believes that
cellobiose is  the only end product of Cx activ ity  of M yrothecium  v e r ru c a r ia . 
Studying the components of cu ltu re  f il tra te s  re la tiv e ly  f re e  of cellob iase , 
R eese (75) la te r  confirm ed that glucose production from  ce llu lose  by the 
Cx com ponent is  the m ore common action. Using the f il tra te  of T richoderm a 
v iride  he observed a  cellobiose:g lucose ra tio  of 2 to 3 in the hydrolysate of 
cellu lose. R eese  (75) rep o rted  that w ater soluble in term ed ia te  products of 
cellu lose hydro lysis, o ther than cellobiose, w ere never found. However, 
in term ed ia tes  w ere rep o rted  by Kooiman e t al. (50) in enzym atic hydroly­
sa te s  of cellu lose dextrin . Levinson e t al. (52) also  have shown by paper 
chrom atography such in te rm ed ia tes  resu ltin g  from  hydrolysis of carboxy- 
m ethyl cellu lose, cellu lose su lfate, o r substitu ted  cellu lose. Hash and 
King (28) have rep o rted  the observation  of a  4 unit (soluble) in term ediate . 
R eese (75), how ever, speculated that the in term ed ia tes  observed by these  
w o rk ers  may have resu lted  from  the action of tra n s fe ra se  on cellobiose, 
since tra n s fe ra se  activity  was found in many such ce llu lase  p repara tions.
P urification  and ch arac te riza tio n  of ce llu lase
Many attem pts have been made a t the purification  of ce llu lase s  from  
various sou rces . Of the enzym e sou rces , cellu lo ly tic  fungi have been the 
m ost extensively  u tilized  because of the ease  of producing the enzym e in 
la rge  sca le  cu ltu re . The m ethods used  in the purification  of ce llu lase  have 
involved a lm ost a ll the accepted techniques used in  p ro te in  purification. 
F ractionation  m ethods involving p recip ita tion  with sa lts  and organic solvents
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and e lec tro p h o res is , gel filtra tio n , and column chrom atography have been 
widely used fo r pu rification  and concentration  of ce llu lases. However, th e re  
a re  very  few re p o rts  of highly purified  and well ch arac te rized  c e llu la se s  in 
the l i te ra tu re . M ost a ttem pts have produced products of questionable homo-
.  t
geneity. As a re su lt, many of the c u rre n t conflicting views on the natu re  of 
the ce llu lase  system  can be explained by the d ifferen t methods used  fo r p u ri­
fication (30).
P a r tia lly  purified  ce llu lase s  have been p rep ared  by many in v estig a to rs  
from  se v e ra l so u rces  but pu rity  has r a re ly  been evaluated. One of the b est 
exam ples of a purified  ce llu lase  w as rep o rted  by W hitaker (96). Using a 
s e r ie s  of am m onium  sulfate p rec ip ita tio n s , adsorption on calcium  phosphate 
gel, frac tionation  with ethanol, and p rec ip ita tion  with polyethylacrylic  acid, 
he obtained a highly purified  p rep ara tio n  of ce llu lase  from  a cu ltu re  f il tra te  
of M yrothecium  v e rru c a r ia . The purified  enzyme was e lec trophore tica lly  
hom ogeneous a t 3 d ifferen t pH values, 6. 82, 5. 03, and 4. 33, and behaved 
a s  a sing le  m acrom olecu lar spec ies  in the u ltracen trifuge. A ccording to 
him , the ce llu lase  of M yrothecium  v e rru c a r ia  appeared  to be roughly 200°A 
long by 33°A wide and had a m olecu lar weight of about 63, 000 (98). W h itak er 's  
p rep ara tio n  hydrolyzed cellu lose and its  breakdow n products of a ll chain 
lengths; the ra te  however, fe ll off m arkedly  as the degree of po lym erization  
fe ll from  4 to 2. Based on these  findings he suggested that the m echanism  
of ce llu lo se  breakdown is unienzym atic. King (44), however, exp ressed  
doubt a s  to the absolute purity  of W h itak er's  p reparation , a s  W hitaker's
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prep ara tio n  did not give a  sym m etrica l peak on moving boundary e le c tro ­
phoresis  a t 3 d ifferen t pH values, and the enzyme p rep ara tio n s  fro m  the 
sam e organism  showed ex trem e e lectrophoretic  heterogeneity  a t alkaline 
pH values (29). A c ry sta llin e  ce llu lase  p rep ara tio n  from  Polyporus p a lu s tr is  
was obtained by Higa et al. (33) but the enzyme w as not subjected to the usual 
te s ts  of purity . P e tte rs so n  (72) iso la ted  a cellulolytic enzym e fro m  the 
cu ltu re  f iltra te  of the m old P enicillium  notatum  and found that the purified  
enzym e w as homogeneous in polyacry lam ide gel e lec tro p h o resis . However, 
fo r the m ost part, ce llu lase  p rep ara tio n s  have been found to be highly im pure. 
P rep a ra tio n s  of in c reased  specific activity  have been rep o rted  on many oc­
casions, but the in c re a se s  have usually  been modest.
Mode of action of ce llu lase
C ellu lase a c ts  on cellu lose  to produce soluble sugars. A ccording to 
R eese (75) products of in term ed ia te  hydrolysis w ere never found. Thus he 
speculated that the in itia l ra te  of attack  is  re la tiv e ly  slow com pared  to the 
ra te  of the la te r  reaction . As a re su lt, the degree of po lym eriza tion  of the 
resid u e  fa lls  ra th e r  slowly com pared to acid  hydrolysis. In m ost instances 
the degradation of ce llu lo se  is  said  to be exclusively hydrolytic, although 
th e re  a re  a  few exceptions. C lostrid ium  therm ocellum  (89), C ellv ibrio  
gilvus (90), and R um inococcus flavefaciens (3) produced cellob iose  phos- 
phorylase which rem oves su ccessiv e  cellobiosyl units from  ce llu lo se . These 
organ ism s fail to e lab o ra te  a cellobiase.
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Investigations on the mode of cellulolytic action have been re s tr ic te d  
m ostly to the question  of w hether te rm in a l glucosyl o r  cellobiosyl groups 
w ere rem oved sequentially  o r w hether glucosidic linkages w ere  attacked 
random ly re g a rd le s s  of th e ir position  in the su b stra te  m olecule. A num ber 
of ind irec t approaches have been used in attem pting to es tab lish  the random  
o r endwise n a tu re  of ce llu lase  action. The occu rren ce  of in term ed ia te  
dex trin s  during  hydrolysis, rap id  depolym erization and production of glucose 
by rou tes  o th er than via cellobiose have all been in te rp re ted  a s  evidence of 
cleavage of in te rn a l linkage essen tia lly  at random  (46). N um erous investi­
ga to rs  have approached the p rob lem  of random  o r  endwise cleavage by 
sim ultaneous m easu rem en t of reducing  sugars and of depolym erization. 
Convincing da ta  have been rep o rted  in support of both hypotheses (75j 99). .
The p re sen ce  of g lu co tran sfe rase  reac tio n s  causing re v e rs io n  of cel­
lobiose to m ix tu res  of glucose and the la rg e r  cellodex trins ra ise d  the question 
(52, 75) of w hether the dex trins a re  true  in term ed ia tes  produced during 
cellu lose hydro lysis. Using f il tra te s  of M yrothecium  v e rru c a r ia , Kooiman 
et al. (50) and Hash and King (28, 29) observed that the tra n s fe ra se  activity  
was asso c ia ted  with those frac tio n s  which w ere capable of hydrolysing 
cellobiose. They also  repo rted  that in term ed ia tes  of DP of 3 to 6 w ere  
observed in ce llo b ia se -free  p rep a ra tio n s  and the cellodex trin s  w ere absent 
when high concen tra tions of ce llob iose w ere used as su b stra te . In m ost 
instances w here in term ed ia tes  w ere  reported , th e re  ex ists  a  doubt a s  to 
both th e ir  identity and th e ir  p o ssib le  form ation by rev e rs io n  of the activ ity
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of the enzym e.
M easurem ent of ce llu lase  activ ity
The activ ity  of ce llu lase  has been m easu red  by various w orkers  using 
a wide v a rie ty  of su b stra te s . The m easurem entof ce llu lase  activ ity  involves 
at le a s t two v a riab les: the su b stra te  and the na tu re  and extent of cellulolytic 
activity. Halliwell (25) proposed the te rm  ''c e llu la se"  fo r the enzym atic 
activity attacking insoluble cellulose, and "carboxym ethyl ce llu lase"  o r 
"1, 4, B -polyglucosidase" fo r that hydrolyzing soluble cellu lose derivatives.
Soluble ce llu lo se  d eriva tives employed as su b s tra te s  for cellu lolytic 
enzym es include: carboxy m ethyl cellu lose (24, 27, 35, 74, 90), methyl 
cellulose (74), hydroxyethylcellulose (74), and cellu lose  sodium sulfate (23). 
The carboxym ethyl cellu lose is  the m ost widely used  su b stra te . Enzym atic 
breakdown of th ese  types of cellu lose is  m easured  by the change in v iscosity  
or the production of reducing sugars.
Insoluble ce llu lo ses em ployed as  enzym atic su b s tra te s  consisted  of 
cellodextrins (29, 99), reg en era ted  cellu lose (p repared  by dissolving v a r i­
ous sam ples of ce llu lose  in concentrated phosphoric, o r sulfuric ac ids and 
rep rec ip ita ting  as  a  fine powder from  w ater), cellophane (6, 17), wood 
cellu lose, often in the fo rm  of solka-floc (23), a lkali swollen cellu lose (96), 
phosphoric acid-sw ollen  cellu lose (24), ball m illed cotton (77), f i l te r  p ap er 
(24, 27), and occasionally  re la tiv e ly  undegraded cotton fib e rs  (24). En­
zym atic decom position of these  insoluble su b s tra te s  has been m easu red  by 
estim ating  the lo ss  in weight of resid u a l cellu lose, the form ation of total
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soluble carbohydrates, the change in v iscosity  of residual ce llu lo se  o r the 
in c rease  in reducing su g ars . The la s t p rocedure  is  not sa tis fac to ry  when 
the extent of hydrolysis is  sm all.
B riefly , then, m ost a ssay  m ethods m easu re  one of the following (21):
1. In crease  in reducing  sugar content.
2. Change in v iscosity  of soluble cellu lose derivatives.
3. Loss in weight of insoluble su b stra te s .
4. Change in tu rb id ity  of a  cellu lose suspension.
5. Oxygen uptake by the ce ll during the enzym atic oxidation of 
glucose produced by hydrolysis.
6. D ecrease  in m echanical streng th  of fib e rs  o r film s.
7. Changes in b i-re frin g en ce  of film s.
F ac to rs  affecting ce llu lase  activ ity
Since Saunders e t al. (81) f i r s t  rep o rted  the conversion of 11% ground 
cotton fib e rs , 28% of cellophane and 8% of ground f ilte r  paper, to soluble 
p roducts by f il tra te s  from  M yrothecium  v e rru c a r ia , many a ttem pts  have 
been made to obtain m ore ex tensive solubilization of insoluble fo rm s of ce l­
lu lose with f il tra te s  of many cellu lo ly tic  o rgan ism s. However, li t t le  su ccess  
has been obtained with concentrated  and purified  enzyme p rep ara tio n s  (90,
96) o r by repeated  additions of cu ltu re  f il tra te s  (24). In spite of the: high 
activ ity  of ce llu lases  in many cellu lo lytic o rgan ism s, enzym atic degradation  
of cellu lose by the cu ltu re  f il tra te  o r  cell ex trac t of these o rg an ism s is  ex­
trem e ly  slow. Many fac to rs  a re  involved in obtaining the m axim um  activ ity
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of cellu lase .
Concentration of the enzyme: A ccording to Halliwell (24), an in c rease  
in enzyme concentration in c reased  the solubilization of swollen cellu lose .
The solubilization of the su b s tra te  was not proportional to the enzym e con­
cen tra tion  when high concen tra tions of enzym e w ere used. It w as, how ever, 
re la tiv e ly  p roportional a t low er concentrations of enzyme.
pH: R eese (77) rep o rted  that the optim um  pH fo r the activ ity  of fungus- 
derived  cellu lase  was n e a r  pH 5. 0, w hereas that fo r b ac te ria l ce llu lase  was 
n ea r 7.0.  Below pH 3. 0 and above 8. 5 activity  was usually very  low. Above 
pH 8.5 fungal ce llu la se s  w ere  re la tiv e ly  unstable.
T em perature: The influence of tem p era tu re  upon ce llu lase  activ ity  is  
com plex because of the effect of heat on two fac to rs , viz. , the velocity  of 
the reaction  and the ra te  of denaturation  of the enzyme. T here  is  a g rea t 
v aria tion  in the optim um  tem p era tu re  fo r ce llu lases  from  d ifferen t so u rces . 
R eese  (77) used  50 C rou tinely  fo r  determ in ing  the activ ity  of ce llu lase  from  
T richoderm a v irid e . The optim um  tem p era tu re  for M yrothecium  v e rru c a r ia  
f i l tr a te s  to hydrolyze carboxym ethyl ce llu lo se  o r swollen cellu lose  w as r e ­
po rted  (24) to be 50 C and the activ ity  approxim ately doubled a t 50 C com pared 
to the activ ity  a t 37 C. The optim um  tem p era tu re  for the ce llu lase  p re p a ra ­
tion from  P o ria  vaillan tii hydrolyzing carboxym ethyl cellu lose w as 60 C (25). 
B ac te ria l ce llu lase s , how ever, have th e ir  optimum tem p era tu re  genera lly  
betw een 36-40 C, except fo r those of som e therm ophilic o rg an ism s which 
have optimum activ ity  a t 57-60 C (21). In general, the optim um  tem p era tu re
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for the activ ity  of c e llu la se  from  anim al so u rces  is  40-50 C, while fo r  p lan t 
enzym es, it is  usually  between 50-60 C (21).
End products: When a  low concentration  of cellobiose was added to 
severa l fungal f il tra te s  acting on carboxym ethyl cellu lose, the ra te  of hy­
d ro ly sis  in c reased , but w ith higher concen trations, inhibition of activ ity  w as 
observed (25). H ydrolysis of unsubstitu ted cellu lose by the f iltra te  of 
M yrothecium  v e rru c a r ia  was  inhibited by cellobiose at all concentrations. 
Glucose had no inhibitory  action (25). With phosphoric ac id-sw ollen  cellu lose 
Halliwell (24) found that the inhibition of the enzym atic activ ity  in M yrothecium  
v e rru c a r ia  f iltra te  w as not significant until added glucose o r  cellobiose w ere 
p re sen t in am ounts equivalent to the weight of cellu lose used; and even a t th is 
point, inhibition was only 10 and 30%, respectively .
Cofactor: A ccording to R eese  (77) no cofactors a re  known fo r the 
fungal ce llu lases. D ialyzed solutions re ta in  th e ir  activity. R esistance to 
inhib itors indicates th a t n e ith er m e ta ls  nor sulfhydryl groups a re  req u ired  
fo r the activ ity  of ce llu lase . H alliw ell (25) rep o rted  that p ro te in s such as 
albumin, lactoglobulin, pepsin , lysozym e and gelatin  had a s tim ulato ry  action 
on purified  enzyme p rep a ra tio n s  fro m  M yrothecium  v e r ru c a r ia . T his was 
seen only with insoluble su b stra te s . P ro te in s  had no effect on the enzym atic 
hydro lysis of cellobiose o r  carboxym ethyl cellu lose.
Industria l u ses  of ce llu lase s
C ellu lases have becom e com m ercia lly  available only recen tly , and 
hence th e ir  potential applications have not been fully explored. The
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com m ercia l u tilization  of ce llu lase s  is  in the beginning stages of development. 
The m ain application of ce llu lase , to date, has been in the pharm aceutical 
industry  a s  a  digestive aid. Toyam a (93) d ram atica lly  illu s tra ted  the extensive 
decom position of ce rta in  raw  and cooked vegetable m a te ria ls  by cellu lase . The 
use of enzym e supplem ents to anim al feeds is  becom ing w idespread. T here  
have been re p o rts  that the inclusion of cellulolytic enzym es in d iets for 
poultry  and m ice give la rg e r  in c re a se s  in weight and b e tte r  u tilization  of ce l­
lu lose than in control an im als (21). T here is  cu rren tly  som e use of ce llu lase  
in ex trac tin g  essen tia l o ils  and flavoring  m a te r ia ls . C itru s  p ro c e sso rs  have 
found that ce llu lase  aids in ex traction  and c la rifica tio n  of ju ice , and that 
ce llu lase  trea tm en t re su lts  in m ore homogeneous and stab le ju ice concen­
t ra te s  (94). C ellu lase has been found to have a  m arked  effect on paper pulp 
f ib e rs . The use of ce llu lase  d e c re a se s  n ecessa ry  beating tim e, and con­
tr ib u te s  g rea se  re s is ta n t p ro p e rtie s  to the p ap er (2 1 ).
R ecently  a p ro jec t to develop single ce ll p ro te in  from  sugarcane 
bagasse  has been in itiated  using cellu lo ly tic  b a c te r ia  iso la ted  from  a sugar­
cane fie ld  (27, 91). "Single cell p ro te in "  is  a  te rm  applied to p ro te ins 
obtained from  m icrobial ce lls . W ith p re trea tm e n t of cellu losic  su b stra te  
and selection  of the p roper o rgan ism  o r com bination of o rgan ism s, la rg e  
sca le  production of m icrob ia l p ro te in s  from  ce llu lo sic  su b s tra te s  such as 
b ag asse  is feasib le . Since there  is  a  m axim um  capacity  fo r the production 
of foods from  land, the necessity  fo r  intensified  re se a rc h  on the develop­
m ent of feasib le  m ethods of production and u tiliza tion  of single cell p ro te ins
19
from  unconventional su b stra te s  independent of ag ricu ltu ra l land use has been 
em phasized (91).
Since am ylases and p ec tin ases  have a lread y  been used to enhance the 
nu tritive  value of foods, the u tiliza tion  of ce llu lase  has been the subject of 
many investigations in industry. However, un til enzym es capable of exten­
sive degradation of native cellu lose a re  d iscovered , the enzym atic p re tre a t­
m ent of woody and plant m a te ria ls  w ill not be a com m ercially  feasib le  
undertaking.
B. B -g lucosidase 
O ccurrence
The almond is  the m ost common so u rce  of B -glucosidase, although 
th is  enzym e is found in many o ther seeds and in  the k e rn e ls  of ap rico ts, 
c h e r r ie s , hips, e tc . B -g lucosidases have a lso  been found in various 
s tra in s  of y east (14, 15, 18, 19, 34, 58, 59), and m olds (37, 45, 65, 6 6 ,
29) and th e ir  c h a ra c te r is tic s  have been extensively  studied. B -g lucosidases 
from  b ac te ria , however, w ere  not rep o rted  a s  frequently  as  those from  
o th er sou rces . Schaefler (84) rep o rted  induced synthesis of a B -glucosidase 
in  E. coli which i s  capable of hydrolyzing a ry l-B -g lu co sid es . In m am m als, 
B -g lucosidase  w as found in the kidney, liv er and in testine  of the h o rse , 
cow and pig  (6 , 12 ).
The te rm  "em ulsin" w as o rig inally  used  to designate almond ex trac ts  
containing the enzym e which is  able to sp lit the amygdalin p resen t in b itte r 
alm onds into glucose, benzaldehyde and hydrocyanic acid. However, such
prep ara tio n s  often contain many o ther enzym es, and in m ost in stances the 
B -g lucosidase is  accom panied by a B -galac tosidase  (95).
P rep ara tio n  and purification
O riginally , em ulsin was obtained fro m  almond by grinding and ex­
trac tin g  with 25% sa tu ra ted  am m onium  su lfate  solution. The enzym e was 
then p rec ip ita ted  by adding m ore am m onium  sulfate until 50% sa tu ra tion  
w as reached  (92). T his crude enzym e w as purified  by p rec ip ita tion  with 
s ilv e r ace ta te  under alkaline conditions, a t  0 C, followed by the rem oval 
of the s ilv e r  ions from  the suspension of th is  p recip ita te  with hydrogen su l­
fide. The purified  enzym e was then p rec ip ita ted  from  the solution by the 
addition of acetone and e ther (2 1 ).
F o r the purification  of the B -g lucosidase  from  m ycelial e x tra c t of 
A sperg illus n iger, Niwa (64) used  repeated  p recip ita tion  with tannin and 
obtained an 8000-fold purified  enzym e and a  35% recovery  of the activity  
of the o rig inal ex trac ts . Jerm y n  (37) rep o rted  the use of lead ace ta te  fo r 
the fractionation  of the ex tra c e llu la r  B -g lucosidase from  the cu ltu re  f iltra te  
of S tachybotrys a tra . Youatt (101) iso la ted  in trace llu la r B -g lucosidases 
from  the m ycelium  of S tachybotrys a tra  grown on cellu lose. F re e z e -d r ie d  
m ycelium  w as ex tracted  with w a te r and then  with 10, 20 and 40% aqueous 
ethanol. E ighty-five percen t of the cellob iase  and 25% of the p ro te in s  
w ere ex trac ted  with 10% ethanol. This frac tio n  contained 3 d is tin c t B- 
g lucosidases differing in th e ir sp ec ific itie s , viz, ce llob iase ,ce llu lase  and 
ary l-B -g lu co sid ase . Hash et a l. (29) dem onstra ted  the p resen ce  of m ultiple
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com ponents in  the ce llu lase  and B -g lucosidase of M yrothecium  v e r ru c a r ia . 
F our d ifferen t lots of cu ltu re  f iltra te  w ere subjected to moving boundary 
e lec tro p h o res is  at 12 C at 500V fo r 6-7 h rs . using a b a rb itu ra te  buffer of 
pH 8 . 55. H eterogeneity  of the ce llu lase  was observed . The a ry l-B -  
glucosidase activ ity  w as separa ted  into at le a s t 4 com ponents. Using 
v e rtic a l zone e lec tro p h o res is , N orkrans (67) sep ara ted  two com ponents, 
from  the cu ltu re  f il tra te  of Collybia v e lu tip es , one containing enzym es hydrol­
yzing p -n itro  phenyl-B -D -glucoside (PNPG), sa lic in  and cellobiose and the 
o ther containing activ ity  against cellu losic su b s tra te s .
Column chrom atography has been extensively  used  fo r the p rep ara tio n  
and purification  of B -g lucosidases from  many so u rces . Alumina, cellu lose 
powder, tre a te d  cellu lose, kaolin, calcium  phosphate gel, and ion exchange 
re s in s  have been used as adsorben ts. O ther m ethods of p rep arin g  B- 
glucosidase have been rep o rted  by Jerm yn  (37) from  Stachybotrys a tra  
and Li and King (53) fro m  A spergillus n ig e r . R ecently  D uerksen  and h is  
cow orkers (14, 18, 19, 58, 59) have published a s e r ie s  of p ap ers  dealing 
with the purification  and ch arac te riza tio n  of B -g lucosidase fro m  sev era l 
s tra in s  of y east.
Specificity of B -g lucosidase
It was f i r s t  thought that each naturally  o ccu rrin g  glycoside re q u ire s  
a specia l enzym e for its  hydro lysis, such as am ygdalase, sa lic in ase , 
arbu tinase , e tc . However, a s  the a r tif ic ia lly  p rep a red  glycosides proved
to be hydrolyzable by such enzym es as em ulsin  o r  in v e rta se , it becam e c le a r  
that the specific ity  of the enzym es was not a s  r e s tr ic te d  as a t f i r s t  presum ed. 
It was then believed that these p rep ara tio n s  consisted  of m ix tu res  of d ifferent 
g lycosidases. L a te r experim ents led to the assum ption  that a ll B -glucosides 
a re  hydrolyzed by one enzyme, a B -g lucosidase. E a rly  re p o rts  on the 
specific ity  of B -g lucosidase have been review ed and sum m arized  by Veibel 
(95). The specific ity  with reg a rd  to the configuration of carbon  atom s #1 and 
#2 is considered  to be absolute. B -g lucosidase  has no activ ity  toward alpha- 
g lucosides. G lycosides can be hydrolyzed by B -g lucosidase  only when the 
hydroxyl groups a t carbon atom s 1 and 2 a re  in the tra n s  position. E s te r if-  
ication  of the 2-hydroxy group m akes the B -g lucoside unhydrolyzable. A 
c e rta in  specific ity  for the configuration of carbon  atom  #3 is  a lso  exhibited 
by the B -g lucosidases. 3-m ethyl phenyl B -D -g lucoside  w as found to be 
unhydrolyzable. The specificity  a t carbon atom  #4 h as  been studied 
thoroughly. E p im erization  h e re  tra n sfo rm s  B -g lucosides into B -galactosides, 
which a r e  hydrolyzable by almond em ulsin  and by B -g lucosidase  p rep ara tio n s  
from  a lm o st every  source. It has, th e re fo re , been g enerally  thought that 
B -g lucosidase  may also  hydrolyze B -g alac to sid es. A t carbon atom s #5 and 
#6 , the spec ific ity  is  not quite absolute. The -C H 2OH group of #6 carbon 
in glucopyranose can be rep laced  by a hydrogen atom  without to ta l lo ss of 
hydrolyzability . As fo r the effect of the aglycon m oiety , no absolute 
specific ity  was rep o rted , even though the velocity  of h yd ro lysis  of d ifferent 
B -g lucosides m ay d iffer by a fac to r of lO ^-lo^ . Among B -glucosides,
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glucosides of aliphatic te r tia ry  alcohols a re  repo rted  to be m ost slowly 
hydrolyzable (95).
Inhibition of B -glncosidase
Inactivation of one o r  m ore  enzym es is  one way of preventing the 
growth of an organism . Thus by inactivating  ce llu lase  and re la ted  enzym es, 
it is  possib le  to p reven t the m icrob ia l d e te rio ra tio n  of cellu lose. In addition 
to the p rac tica l aspects, inhibition of the enzym e can be a useful m eans in 
investigating such prob lem s as  the m echanism  of enzyme action, the identity 
of active groups on the enzym e m olecule, and the p resence of p rosthe tic  
groups such as  m etals  o r coenzym es.
T here is  wide d isag reem en t among v a rio u s  w orkers on the effective­
n e ss  of ce rta in  inh ib ito rs on ce llu lase  and B -glucosidase. The d isag reem en t 
is  largely  due to d ifferences in the m ethod of estim ating enzyme activ ity , 
su b s tra te  and so u rces  of enzym es. M ost B -g lucosidases a re  active from  
pH 4-8 with optim a from  pH 5 to 7 in v arious buffers including c itra te , 
phosphate and acetate . They a re  rapidly  inactivated  a t pH values below 5 
and above 8 (15, 18, 38, 32).
The B -g lucosidases of y eas t a re  inactivated  a t tem p era tu res  above 
50 C (15, 18), while com plete inactivation of ce llu lase s  req u ire  heating 
a t 100 C fo r 10-20 min (42). N orkrans (65, 6 6 , 67) also observed th a t the 
h ea t stab ility  of B -glucosidase in cu ltu re s  of Polyporus annosus and dif­
fe re n t s tra in s  of Collybia velu tipes w as m uch le s s  than that of ce llu lase
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from  the sam e sou rces . Thus it w as possib le  to hea t inactive B -glucosidase 
activ ity  com pletely without destroy ing  ce llu lase  activity.
The activ ity  of B -g lucosidase can be abolished by the addition of heavy 
m eta ls  and la rge  organic m olecu les such as  dyes o r  de tergen ts. T his type of 
inactivation is  believed to be due to non-specific effects  since  the activ ity  may 
be re s to re d  if the heavy m etal is  p rec ip ita ted  by hydrogen sulfide (55, 95).
If, however, the action of the m etal ions is  allowed to continue fo r an extend­
ed period  an ir re v e rs ib le  inactivation  takes place (95).
Oxidizing and reducing  agents cause a non-specific inactivation of B -glu- 
cosidase  (55, 95). Halogenating agents, of the N -ch lorosuccin im ide type, a re  
among the m ost ac tive  inh ib ito rs of ce llu lase  and B -g lucosidase  (76). The hal­
ogens a re  somewhat le ss  effective. Organic im p u rities  in the p rep ara tio n  
ex e rt a p ro tective  effect on the enzym e. A ccording to R eese and M andels (76) 
B -g lucosidase is  generally  le ss  suscep tib le  to iodine than is  ce llu lase . The 
inhibition of the enzym e by halogens is  ir re v e rs ib le , although the activ ity  can 
be p ro tec ted  by the addition of sulfhydryl o r  amino compounds (76). Veibel (95) 
rep o rted  that B -g lucosidases a re  inhibited by form aldehyde and carbonyl r e ­
agents, but Je rm y n  (35) and R eese and M andels (76) found li t t le  o r  no inhibition 
by form aldehyde, hydrazine, phenylhydrazine, sem i-ca rb az id e , bo ra te , hydro- 
xylam ine, o r  phenylhydroxylam ine. Likew ise, ce llu lase  and B -g lucosidase a re  
not appreciably  inhibited by azide, a rse n a te , fluoride, o r 2, 4-dinitrophenol (55).
Zinc and disodium  ethylene b isd ith iocarbam ate  a re  effective inh ib ito rs  fo r ce llu lase s  
but not fo r any B -g lucosidase tested  (76). B -g lucosidases a re  com petitively  inhibited
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by glucose and by gluconolactone (6 , 7, 16, 6 8 , 76, 78).
Je rm y n  (38, 39, 40) has m ade a thorough study of inhib itor and sub­
s tra te  specific ity  of an ary l-B -g lu co sid ase  of S tachybotrys a t r a . The 
hydro lysis  of p -n itrophenyl-B -D -glucoside is  com petitively  inhibited by 
glucose, by all su b s tra te s , and by a  num ber of su g a rs  and sugar acids.
A num ber of o ther polyhydroxy compounds showed a  weak non-com petitive 
inhibition. Je rm y n  speculated th a t these  la tte r  compounds a re  bound a t 
second accep to r s ite s  on the enzym e m olecule (39).
MATERIALS AND METHODS
Media and growth of the o rg an ism s
Isolation  and growth m edia of the cellu lose u tilizing organ ism  con­
sisted  of a  m ixture of basal s a lts  solutions supplem ented with 0. 05-0. 1% 
y eas t e x trac t and 1% of ce llu losic  su b s tra te s  o r o ther carbon so u rces . In 
la te r  experim ents y east ex tra c t w as rep laced  by thiam ine (0. 001%, W /V). 
The basal sa lts  solution contained in 1- l i te r  of solution: NaCl, 3. Og; 
(NH4)2S 04 , 1. Og; KH2P 0 4 , 0. 5g; K2 H P 04 , 0. 5g; MgS04 , 0. lg ; CaCl2 , 0. Ig. 
The basal medium containing 3. 0% lac to se  was used fo r the growth of B- 
glucosidase-producing  organ ism .
When la rge  quantities of b a c te r ia  w ere requ ired , the organ ism  w as 
grown in a d raft-tu b e  ferm en to r. A fter successive  propagation, ce lls  
grown in 50 gal. quantities of m edium  w ere  harvested  a t early  s ta tio n ary  
phase. C ells  w ere separated  by cen trifugation  in a Sharpies centrifuge 
and the re su ltan t p as te  was s to red  a t -15 C. The enzym e activ ity  in the 
c e lls  fro zen  in th is  m anner w as stab le  fo r sev era l months.
Both the cellu lose-u tiliz ing  o rgan ism  and B -glucosidase-producing  
organ ism s w ere m aintained on ag a r s lan ts  of the following com position: 
peptone, 5. Og; tryptone, 5g; y e a s t e x trac t, 3. Og; beef ex trac t, 3. Og; 
glucose, 5. Og; agar, 15. Og in 1 l i te r  of d is tilled  w ater.
Isolation and identification of the o rg an ism s
Rotting sugarcane s ta lk s  and the adjacent soil m ix tu re  w ere
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obtained from  a sugarcane fie ld  near the Louisiana State U niversity  cam pus. 
About 1 g of a m ix ture  of soil and sugarcane deb ris  w as inoculated into the 
isolation medium. A fter 3-7 days incubation at 30 C on a rec ip ro c a l shaker, 
a patch of a yellow pigm ented m ate ria l appeared a t the a ir-liq u id  in terface  
on the f i l te r  paper. As soon as  the pigm ented m a te ria l appeared , a portion  
of f ilte r  paper w as tra n s fe rre d  with a s te r i le  w ire and inoculated into f re sh  
medium. This p ro ce ss  was repeated  sev era l tim es to en rich  the aerobic 
and m esophilic cellu lose-u tiliz ing  o rgan ism s. The f il te r  paper from  the 
enriched cu ltu re  w as rem oved, m acera ted  in a sm all am ount of s te r ile  w ater 
and s treaked  onto p la tes  containing each of the following media: n u trien t 
agar, carboxym ethyl (CM )-cellulose ag a r, f ilte r  p ap er agar (a p late of 
nu trien t ag a r covered  with f il te r  paper). R ep resen ta tives of the various 
colonies which developed on each of these m edia w ere  picked and inoculated 
into f re sh  m edia in te s t  tubes. Tubes v isually  showing degradation of f il te r  
paper w ere  se lec ted  and a lte rn a tiv e ly  tra n s fe rre d  into liquid and solid  m edia 
in o rd e r to en rich  and iso la te  the cellu lo ly tic  o rgan ism s.
Iso lated  colonies w ere  fu rth e r  purified  by the te rm in a l dilution method 
as  follows. A cu ltu re  which d isin teg ra ted  the f i l te r  paper w as allowed to 
grow to i ts  m axim um  population and se r ia l d ilutions w ere  m ade into fre sh  
medium. A pproxim ately 100 tubes of the isolation m edium  containing f il te r  
paper s tr ip s  w ere  inoculated with an aliquot from  each of the h igher dilutions. 
These tubes w ere incubated fo r 7-10 days and then exam ined fo r evidence of 
f il te r  p ap er d isin tegration . The tubes showing d isin teg ra tion  of f il te r  pap er
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w ere se lec ted  and the dilution and se lec tion  procedure  w as repeated  until a 
clone fro m  a single cell w as obtained which was capable of d isin tegrating  
the f i l te r  paper. The purity  of the iso la ted  cu ltu re  was confirm ed by the 
m icroscopic  exam ination and colony m orphology on sev era l agar p lates.
To study m ixed cu ltu re -ferm en ta tio n  of cellu lose, a second organism , 
which could grow solely on the end p roducts  of cellu lose degradation, 
m ainly cellobiose, was sought. A num ber of d ifferen t spec ies  of yeast 
(obtained from  Dr. A. R. Colm er of the Dept, of M icrobiology at L. S. U. 
and Schwarz L abora to ries  Inc. , Mt. V ernon, N. Y .) w ere tested  and a 
few s tra in s  of y e a s t capable of growing on cellobiose as  the sole carbon 
source  w ere  se lected . Two Gram  negative ro d s, which exhibited the capacity 
of growing on cellobiose w ere also iso la ted  from  sugarcane bagasse. The 
one showing a h igher level of B -g lucosidase activ ity , as m easured  by the 
chrom ogenic su b stra te  PNPG, was se lec ted  and used fo r la te r  studies of 
the enzym e.
The iso lated  cu ltu re s  w ere subjected to diagnostic te s ts  according 
to the Manual of M icrobiological M ethods (87) and re fe r re d  to B ergey 's  
Manual (4) fo r the identification of the s tra in s .
P rep a ra tio n  of cell ex trac t with ce llu lase  activ ity
The organ ism  was grown in a liquid m edium  containing the basal 
sa lts  m ix tu re  with a 0. 005% y east e x trac t. A fter 4 days of incubation 
with continuous shaking, cell free  f i l t r a te s  w ere  p rep a red  by centrifugation 
a t 5, 000 rpm  fo r 20 min a t 4 C. The supernatan t phase w as collected and
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used  as  a stock enzym e solution.
P rep a ra tio n  of su b stra te s
The following su b s tra te s  w ere  obtained from  various sources: f ilte r  
pap er (Whatman No. 1, W&R B alston  Ltd. ), cellobiose (Difco Lab. , I n c .), 
ce llu lose  powder (Whatman chrom edia CF11, W&R Balston L td .), PAB- 
cellu lose (Bio-Rad L ab o ra to ries), C M -cellu lose (C arl Schleicher & Schuell 
C o .), cotton fib e r (Johnson & Johnson, New Brunsw ick, N .J . ) ,  paper 
towel (Garland, so ft-kn it, single folded towel, F o rt Howard P aper C o .). 
A zo-cellu lose was p rep a red  a s  follows:
p-am ino-benzoyl cellu lose (C ellex-PA B , Calbiochem, Los Angeles,
C a l . ) was disso lved  in an excess  of hydrochloric acid and sodium n itr ite  
w as added slowly until a slight ex cess  of n itrous acid was p resen t. The 
reac tio n  w as c a rr ie d  out in an ice -co ld  solution. The solution then con­
tained the diazonium  sa lt of the hydroch loric  acid. The reac tion  m ay be 
rep re sen ted  by the following equations:
+ NaCl + 2H20
NH2‘ HCl
+ HCl + NaN02
N=NCI
>
= o
The diazonium  sa lts  w ere then condensed with B-naphthol d issolved in 
a lkali to fo rm  red  colored  azo -ce llu lo se .
.3 0
N=NC1
+
c=o
I
R R
B agasse pith, bagasse  f ib e rs , alkali tre a ted  and un trea ted  sorgo 
bagasse w ere  provided by the D epartm ent of Chem ical Engineering, 
Louisiana State U niversity .
D eterm ination of cellu lo ly tic  activ ity
(a) V isual determ ination: The o rgan ism  was inoculated into te s t 
tubes containing the iso la tion  m edium  and incubated a t 30 C. The de­
gradation of f il te r  paper w as checked v isually  a t frequent in te rv a ls . The 
breakage of f il te r  paper usually  o ccu rred  a t the a ir-liq u id  in te rface  (Fig. 
2). The v isual determ ination  was used fo r the p re lim in ary  screen ing  te s t 
fo r the cellu lo ly tic  organism .
(b) G rav im etric  determ ination: The o rgan ism  was inoculated into 
basal m edia containing a  lim ited  am ount of various cellu losic  su b s tra te s . 
A fter a p redesignated  incubation period , cu ltu re s  w ere  f ilte red  through 
Gooch c ru c ib les  (Pyrex  fritted , 30 m l capacity , M po rosity ). The residue  
on the cruc ib le  containing undigested ce llu lo se  resid u e  w as w ashed ac­
cording to the p ro ced u re  of Lem beck and Colm er (51). The p rocedure
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consisted  of successive  w ashings with d is tilled  w ater, 5% NH4 OH, d istilled  
w ater, 95% ethanol, and ethyl e th er. The c ru c ib les  w ere d ried  to constant 
weight a t 105 C, cooled in a d es icca to r and then weighed. A contro l flask  
w as p rep a red  which contained an equal am ount of su b stra te  inoculated with 
a  h ea t-k illed  cu ltu re . The extent of decom position of the cellu lose was ca l­
culated by com paring the weight of the te s t  flask  to that of the contro l a fte r  
both sam p les had been d ried  to constant weight.
(c) C o lo rim etric  determ ination: The am ount of solubilized su b stra te  
a fte r  the action of the organism  w as de term ined  by e ither of the following 
two co lo rim e tric  methods:
D in itrosalicy lic  acid method: Tubes containing a m ix ture  of 1. 0 ml 
of su b stra te  (1% carboxym ethyl ce llu lo se  solution) and 1 . 0 ml of enzyme 
solution w ere  incubated in a w ater bath a t 40 C fo r a p redeterm ined  period  
of tim e. A fter the reaction  tim e 3 ml of DNS reag en t was added to the 
tubes and heated fo r 15 m in in boiling w ater. The absorbancy w as m easured  
a t 640 mu.
DNS reag en t w as p rep ared  by d isso lv ing  40 g of d in itro sa licy lic  acid,
8 g of phenol, 2 g of sodium su lfite  and 800 g of Rochelle sa lt in 2 l i te r s  of 
2% sodium  hydroxide and diluted to 4 l i te r s  (71).
P heno l-su lfu ric  acid method: A fter a  p redeterm ined  incubation 
period , the reaction  m ixture was cen trifuged  o r  filte red  to rem ove the 
re s id u a l insoluble sub stra te . Two m l each of supernatan t o r  f il tra te  was 
placed into a  te s t  tube and 0. 1 m l of 80% phenol and 5 ml of concentrated
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su lfuric  acid w ere added rap id ly . The tem p era tu re  rose im m ediately  to about 
110 C and the heat generated  com pleted  the development of the chrom ogen. 
A fter standing 30 min a t room  te m p e ra tu re  the absorbancy of the sam ple w as 
m easu red  a t 489 mu (13).
P ap e r chrom atography
The hydrolysate of f i l te r  p a p e r  was passed  through an ion exchange 
re s in  column (Dowex 2-X8) and the effluent was taken to d ry n ess by evapor­
ation. The resid u e  was d isso lved  in an ap p rop ria te  amount of w ater. About 
10-20 m ic ro lite rs  of sam ple w ere  s treak ed  on W hatman No. 1 f ilte r  p ap er.
The sam ple w as then developed in an ascending m anner with a  solvent 
(2-propanol:pyrid ine:acetic  ac id :w ater= 8 :8 :l:4  v /v ). Satisfactory  sep ara tio n  
was obtained a fte r  24 h r. developm ent. F o r detection of nonreducing su g ars  
the method of Cifonelli e t al. (5) w as used. The p ap er was rem oved, d ried  
and sprayed  with a sa tu ra ted  solution of po tassium  m eta periodate . A fter 
6 min the chrom atogram  w as sp ray ed  with a  benzidine solution (0. 1 M 
benzidine in 50% aqueous a lcohol:acetone:0. 2 N HCl = 10:2:1 v /v). C arbo­
hydra tes  w ere located by the appearance of c o lo rle ss  spots on a  blue back­
ground. Reducing su g ars  w ere  detected  according to Stahl (8 8 ) by sp ray ing  
the chrom atogram  with an aniline phthalate solution (0. 93 g of aniline and
1 . 6 g of phthalic acid disso lved  in 100  m l of butanol sa tu ra ted  with w ater) 
and heating fo r 10 min a t 120 C. Reducing sugars w ere v is ib le  as re d , 
m aroon, o r brown spots on a w hite background.
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D eterm ination of p ro te in
The am ount of p ro te in  in sam ples w as determ ined  by one of the fol­
lowing p rocedures: (a) by the co lo rim e tric  p rocedure  of Lowry et a l. (54) 
with the Folin  C iocalteau reagen t, and c ry sta llin e  serum  album in as  the 
standard , (b) by the ra tio  of absorbancy at 280 m u/260 mu, based on the 
nomograph p rep ared  by Adams (1), o r  (c) by the m icro-K jeldah l method 
of Koch and Hanke (49). The Lowry method was used  fo r the determ ination  
of p ro te in  in enzym e solution, and the 280/260 ra tio  w as m ainly used a s  a 
rough estim ation  of p ro te in  in enzym e solutions o r to follow the separation  
of p ro te in s during the various fractionation  p ro ce sse s  of enzym e p u rifica­
tion. The m icro-K jeldah l m ethod was used fo r the determ ination  of to ta l- 
N (and p ro te in  as  Nx6 . 25) in whole ce lls .
E xtraction  and purification  of B -g lucosidase
The ce ll paste  w as thawed in sufficient 0. 1 M -phosphate buffer a t 
n eu tra l pH to obtain a  10% cell suspension. The suspended c e lls  w ere  
rup tu red  with a  Gaulin L aborato ry  Hom ogenizer (M anton-Gaulin Manu­
facturing  Co. , Inc. , E v ere tt, M ass. ) a t 6 , 000 lbs. The rup tu red  ce ll 
suspensions w ere  centrifuged a t 10, 000 g fo r 15 min. The p rec ip ita ted  
cell d eb ris  w as resuspended in a neu tra l buffer and tre a ted  again with the 
hom ogenizer to re le a se  the re s id u a l enzym e in unrup tured  ce lls . T hese 
p rocedures w ere  rep ea ted  se v e ra l tim es until the am ount of enzym e re leased  
into the supernatan t w as considerably  reduced. All the supernatan ts thus
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obtained w ere  combined and used as a stock solution of crude B -glucosidase. 
The crude  enzyme was s to red  a t -15 C until fu rth e r  use. U nless o therw ise 
indicated all s teps of pu rification  w ere c a r r ie d  out in the cold.
Nucleic acids w ere  f i r s t  p rec ip ita ted  out w ith 1. 5% streptom ycin  
sulfate (Eli Lilly and Co. , Indianapolis, In d .) a t n eu tra l pH and the p rec ip ita te  
w as rem oved by centrifugation a t 20, 000 g fo r 15 min. C rysta lline  ammonium 
sulfate w as then added slowly to the supernatan t fluid with constant s tir r in g . 
M ost of the  B -g lucosidase activ ity  was p rec ip ita te d  between 40-60% of 
sa tu ra tion . The amount of am m onium  sulfate req u ired  was determ ined from  
the table p rep a red  by G reen and Hughes (22). A fter am m onium  sulfate 
fractionation , the p recip ita ted  p ro te in  w as resuspended  in 0. 02 M phosphate 
buffer, pH 7 .0  (50 mg p ro te in /m l) , and 2 ml of the suspension w as f ilte red  
through h igh-porosity  g e ls  (Sephadex G200) to d e sa lt the p rep ara tio n s and 
obtain fu rth e r  purification . Colum ns (5 x 60 cm ) w ere p rep ared  from  thin 
s lu r r ie s  of deaerated  gel which had been washed and swelled fo r  3 days 
accord ing  to the m an u fac tu re r 's  recom m endation. Five ml frac tio n s  w ere  
collected  and the active frac tio n s  w ere com bined and subjected to ion ex­
change chrom atography. D iethylam inoethyl (DEAE) cellu lose (C arl Schleicher 
& Schuell Co. , Keene, N. H .) w as w ashed with 1 N NaOH, 1 N HCl and 0. 02 
M phosphate buffer, pH 7. 4 until the effluent showed no m ore yellow 
coloration . L arge volum es of buffer w ere  perco la ted  slowly through the 
packed colum n (2 . 5 x 5 0  cm) to eq u ilib ra te  the cellu lose  to buffer conditions. 
A fter the application of the enzym e, elution was achieved by a lin ea r
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grad ien t of 0-5% of NaCl.
A ssay of B -glucosidase activ ity
B -glucosidase activ ity  was estim ated  by m easuring  spec tropho tom etric - 
ally the re le a se  of p -n itrophenol fro m  p-n itrophenyl-B -D -glucoside (PNPG). 
F ive-ten ths ml of a su itab le  dilution of the enzym e p repara tion  w as added 
to 2. 5 ml of a preincubated (10 m in, 40 C) reac tio n  m ixture that contained 
2. 0 m l of 0. 1 M sodium  phosphate buffer, pH 6 . 5, and 0. 5 ml of 5 x 10“ ^M 
PNPG. A fter a  su itab le  reac tio n  tim e the activ ity  of the enzym e w as s top­
ped by adding 2 m l of a 1 M solution of sodium carbonate. The yellow color 
that developed during the hy d ro ly sis  of the su b stra te  was read  a t 400 mu in 
a Beckman DB spectropho tom eter. A unit of enzyme was defined as that 
am ount of enzyme n e ce ssa ry  to b rin g  about an optical density  change of 0 . 1 
p e r  m inute in a volume of 3 m l of the reac tion  m ix ture a t 40 C.
Activation energy
The effect of tem p e ra tu re  on the in itial velocity of PNPG hydro lysis  
was exam ined over the range of 20-45 C with 5 degree in c rem en ts , and 
plotted in the conventional A rrh en iu s  m anner (log K v e rsu s  l / T ,  w herein  
K is  the in itial ra te  of h ydro lysis  and T is  the absolute tem p era tu re ). 
Activation energy (Ea) fo r the enzym e was calculated  from  the equation
2. 3 log K ]/K 2 = E a/R - (1 /T 2 -  1 /T i) .
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E nzym e-inh ib ito r d issoc ia tion  constant
Specificity of the b ac te ria l B -glucosidase was studied by m easuring  
the capacity  of the enzym e to fo rm  com plexes with sev era l B -glucosides 
and re la ted  compounds. T his was done by determ ining the inhibition of the 
enzym ic hydro lysis of PNPG by a fixed concentration of the te s t compound 
over a  wide range of su b s tra te  concen trations. Initial ve lo c ities  of sub­
s tra te  hydro lysis  w ere  plotted against the various su b stra te  concentrations 
in the L inew eaver-B urk  fashion to obtain apparent Km values fo r the in­
hibiting compounds. E nzym e-inh ib ito r d issociation  constan ts, o r affinity 
constan ts (Ki), w ere then calcu la ted  from  the equation:
I  = Km_ , or Ki= aiiSE.
v Vmax Ki (S) Vmax Kp-Km
w here (I) is the concentration of inhibitor and Kp is the apparen t Km.
Heat inactivation of the enzym e
A thin w alled te s t  tube w as placed in a w ater bath a t specified  tem ­
p e ra tu re s . A fter 10 m in, 5 m l of enzym e solution in 0. 02 M phosphate 
buffer, pH 7.0,  w as added. F iv e-ten th s  ml each of sam ple w as withdrawn 
a t p redeterm ined  tim e in te rv a ls  and added to te s t  tubes packed in ice.
Enzyme sam ples w ere assayed  im m ediately  to preven t p o ssib le  renatu ra tion . 
The ra te  of the th erm al inactivation of the B -glucosidase w as determ ined  
graphically  fo r each tem p era tu re  and exp ressed  in D values. The D value 
designates the tim e in m inutes req u ired  to destroy  90% of the in itia l enzym e 
activity.
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M olecular weight determ ination
The m olecular weight of B -g lucosidase  w as determ ined  by gel filtra tio n  
and by su cro se  density gradient centrifugation. Gel filtra tio n  w as done on a 
colum n of c ro ss-lin k ed  dextran  (Sephadex G200) a t pH 7. 4. Cytochrom e C 
(N utritional B iochem icals Corp. , Cleveland, Ohio) and ca ta lase  (beef-liver, 
Mann R esearch  Lab. , Inc. , New York, N. Y .) w ere  used as  re fe ren ce  
m ark e rs . F o r purposes of calculation, the cytochrom e C was assum ed to 
have a m olecu lar weight of 13, 000, and the ca ta la se  a m olecu lar weight of 
250, 000. When the elution volum e (Ve) w as plotted against the m olecu lar 
weight on a log scale  fo r a  num ber of p ro te in s an alm ost s tra ig h t line was 
obtained between the m olecular w eight of cytochrom e C and that of ca ta lase  
(2). T herefo re , the m olecular w eight of B -glucosidase could be determ ined  
fro m  the graph by plotting elution volum es v e rsu s  log m olecular weight of 
th re e  enzym es.
Sucrose density g rad ien t cen trifugation  w as perfo rm ed  according  to 
M artin  and A m es (61) using 4. 6 m l g rad ien ts. The lin ear g rad ien ts w ere 
p rep a red  with 5 and 20% sucrose  solution in 0. 05 M phosphate buffer, pH 
7. 0, and centrifuged in a SW-39 ro to r  a t 35, 000 rpm  fo r 20 h r. a t 2 C 
using  a Spinco model L u ltracen trifuge . Cytochrom e C and ca ta lase  w ere 
u sed  as  re fe ren ce  m ark e rs . A fter centrifugation, the bottom  of each 
lu ste ro id  tube was punctured and 8-d ro p  frac tio n s  w ere collected. Cyto­
chrom e C w as located by determ in ing  the absorbancy at 415 mu and the 
location of ca ta lase  was determ ined  by m easu ring  the d isappearance of
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absorbancy a t 240 mu a f te r  adding 0. 3% hydrogen peroxide. The d istance 
each  pro tein  m igrated  w as estim ated  by the  location of the d ifferen t enzym es, 
determ ined  by the an lay sis  of the frac tio n s . Assum ing that the d istan ce  of 
m igration  of each enzym e is  d irec tly  p roportional to its  S value, the m olec­
u la r  weight of the enzym e w as calculated  from  the distance of m ig ra tion  as 
follows:
M1/M 2 = (S1/S 2)3/2  = (d i/d g )3/ 2 
w here: = m olecu lar w eight of a re fe ren ce  m ark er, M2 = m olecu lar
w eight of a  sam ple, = sedim entation coefficient of a re fe ren ce  m ark e r,
S2 = sedim entation coeffic ient of a sam ple, d^ = d istance m ig rated  by a 
re fe ren ce  m ark e r, d2 = d istance  m igrated  by a sam ple.
RESULTS
A. The C ellu lose-U tilizing O rganism  and its  C ellulase 
Isolation of a cellu lose-u tiliz ing  organ ism
The iso lation  of pure cu ltu re s  of cellu lose-utilizing o rg an ism s was 
ex trem ely  difficult w ith conventional enrichm ent and p lating  techniques. 
This w as due to the insolubility  of ce llu lose  in aqueous m edia when used 
as a solid  m edium  fo r  iso lation  of the organism . Many a ttem pts  th e re fo re , 
have been m ade to substitu te  som e o ther soluble su b s tra te , such a s  ce l- 
lobiose and ce llu lo se  deriva tives for the cellu lose. A fter a  s e r ie s  of 
repeated  en rich m en ts  and p latings on these  cellu lose deriva tive  m edia, 
a re la tiv e ly  pure  cu ltu re  of a  ce llu lo se-u tiliz ing  organ ism  w as obtained. 
However, m icroscop ic  exam ination revealed  that th e re  w ere  a t le a s t 
two o r  th re e  d ifferen t spec ies  of b ac te ria  which w ere alw ays associa ted  
together on the solid m edia used. It proved ex trem ely  difficu lt to sep­
a ra te  them  by o rd in a ry  enrichm ent and plating techniques. A clone 
derived fro m  a single cell capable of hydrolyzing ce llu lose  w as finally  
obtained by applying the te rm in a l dilution method and the r e s u lts  of which 
a re  shown in Table 2. It is  apparen t from  the table that the cu ltu re  
purified  by a  s e r ie s  of enrichm ents and p latings was not p u re , s ince all 
the tubes showing growth w ere  not a ll cellulolytic a t the f i r s t  step of 
te rm inal dilution. A fter repeated  dilutions and se lective cu ltivations, 
com plete iso la tion  of the cellu lo ly tic  o rgan ism  was accom plished. The
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p u rity  of the  iso la te  was fu rth e r  confirm ed by plating on v arious m edia and 
by m icroscopic  exam ination. T h is te rm in a l dilution method p e rm itted  
successfu l sep ara tio n  of even a  m inority  spec ies  from  a m ixed cu ltu re  by 
a com bination of dilution and se lec tiv e  cultivation.
T able 2
Isolation of the cellulolytic m icroo rgan ism  from  the contam inants 
by the te rm in a l dilution method
Steps Dilution
No. of tube showing 
growth 
(positive/to tal)
No. of tube showing 
d isin teg ra tion  of 
f i l te r  paper 
(positive/to ta l)
1s t dilution** h-1 O 1 00 2 0 /2 0 2 0 /2 0
M M 1 0 ~ 9 50/50 40/50
2nd dilution b 1 0 “ 1 0 8/80 7/80
3rd  dilution £ 10-10 6/50 6/50
£  A cu ltu re  purified  by a se r ie s  of enrichm ent and plating techniques was 
grown to its  m axim um  population and then diluted to extinction.
b A tube chosen fro m  the f ir s t  d ilu tion  which showed d isin tegration  of the 
f i l te r  paper, w as allowed to grow to its  m axim um  population and then 
diluted to extinction.
— A tube chosen fro m  the second dilution, which showed d isin tegration  
of f il te r  paper, w as allowed to grow to its  m axim um  population and then 
diluted to extinction.
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Identification of the o rgan ism
In Table 3, the m orphological and cu ltu ra l c h a ra c te r is tic s  of the 
iso lated  s tra in  a re  com pared  with the descrip tion  of the two s im ila r  species 
described  in B erg ey 's  M anual.
The iso la ted  cellu lose-u tiliz ing  organ ism  w as a sm all Gram negative, 
non-m otile, rod -shaped  b ac te riu m  (Fig. 1). It grew on n u trien t ag a r, but 
not vigorously, and developed sm all, bluish yellow colonies. It w as cata lase  
positive and w as capable of hydrolyzing gelatin  slowly and attacking cellu lose 
(Fig. 2, 3). T hese c h a ra c te r is tic s  w ere  identical to B erg ey 's  d escrip tio n  
of the m em bers of the genus Cellulom onas. All of the ten  sp ec ies  in  the 
genus Cellulom onas a re  m otile  except Cellulom onas flav igena, Cellulom onas 
uda and Cellulom onas ac id u la . The la s t  named species is  not a n itra te  
red u cer. T herefo re , only the d escrip tio n  of the f i r s t  two sp ecies  f it  that 
of the iso lated  s tra in .
Growth conditions and the production of ce llu lase
Growth of Cellulom onas w as studied under various environm ental 
conditions: tem p e ra tu re , pH and nutritional varia tions in the growth medium. 
As shown in Fig. 4, the o rg an ism  grew  a t tem p era tu res  betw een 25-35 C, 
with the m axim um  growth a t 35 C. At tem p era tu re s  above 45 C the 
o rgan ism  did not grow. F ig u re  4 also  shows that the o rgan ism  grew  well 
a t pH values between 6- 8 . The growth ra te  was considerably  d ec re a se d  at 
pH 9. 0 and the o rgan ism  did not grow a t pH values below 5 and above 10.
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Table 3
D escrip tive  c h a r t of ce llu lo se-u tiliz ing  o rg an ism s
C. flavigena C. uda Iso la te
M orphological 
C h a rac te ris tic  s
F orm H ods,curved Rods Rods, sh o rt
Size 0. 4 -  0. 6 u
X
0. 7 -  1. 8 u
0 .5  u
X
1. 0 - 1. 5 u
0. 3 -  0 .5  u
X
0. 7 -  1 .2  u
M otility N on-m otile N on-m otile N on-m otile
Gram  sta in V ariable Negative Negative
Cultural
C h a ra c te r is tic s
A gar s lan t Smooth, 
g listening 
opaque, yellow
M oderate, 
fla t, g ray ish  
white
Smooth, glistenir 
yellow  bluish
Broth Uniform ly
tu rb id
Uniform ly
turbid
Uniform ly
tu rb id
Gelatin
Stab
Slow
liquefaction
Slow
liquefaction
Slow
liquefaction
F ilte r  pap er 
in peptone 
broth
F ib e rs  sep ara te  
on slight 
agitation
F ib e rs  sep ara te  
on slight 
agitation
F ib e rs  sep ara te  
on slight 
ag itation
Optimum
T em p era tu re
28 -  33 C 28 -  33 C 25 -  35 C
A gar
Colonies
- - B lusih, tra n s ­
p aren t, smooth,
f la t, c irc u la r , 
grow feebly on 
n u trien t agar
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Table 3 (continued)
C .flav igena C. uda Iso late
B iochem ical
C h a ra c te r is tic s
S tarch Hydrolyzed Hydrolyzed H ydrolyzed
N itra te Reduce to NO2 Reduce to NO2 Reduce to NO2
M. R. T est - - Negative
V. P . T est Negative Negative Negative
Indol
Production - - Negative
Glucose Acid Acid Acid
Lactose Acid Acid Acid
Sucrose Acid Acid Acid
M altose Acid Acid -
D extrin - - Acid
S tarch Acid Acid _
Fig. 1. E lec tron  m icrog raph  of a negatively stained p rep ara tio n  of 
the ce llu lo se -u tiliz in g  organ ism . No flagellum  o r  cap su la r 
m a te ria ls  w ere  observed .
&
Fig. 2. D egradation of f ilte r  paper by Cellulom onas. The organism  
w as grown on basal s a lts  solutions supplem ented with 0 . 1% 
y eas t e x tra c t and a s tr ip  of f i l te r  paper. N um bers indicate 
the days of incubation.

Fig. 3. C learing resu ltin g  from  growth of C ellulom onas on cellu lose 
powder agar.

Fig. 4. E ffect of pH and tem p era tu re  on the growth of Cellulom onas.
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The iso lated  o rgan ism  req u ired  fo r i ts  growth a t le a s t 0. 005-0. 01% 
of y eas t ex trac t depending upon the size of inoculum used. When a  la rg e  
inoculum was used le s s  y eas t ex tra c t was requ ired  fo r its  growth. This is  
probably due to the autolyzed ce lls  providing the growth fac to rs . Thus, the 
m inim al req u irem en t of y east e x tra c t w as difficult to a sc e rta in  fo r  the 
optim um  growth of the  o rgan ism .
Studies w ere  in itia ted  to  identify the e ssen tia l component(s) in y east 
ex trac t supporting the growth of the o rgan ism  using 20 am ino ac ids and 
sev era l w ater soluble v itam ins. None of the amino acids, individually o r 
in d ifferen t com binations supplem ented with basal m edium  supported the 
growth of the o rgan ism , while am ongst the v itam ins, 0 . 002% levels of 
thiam ine and biotin supported  the growth of the o rgan ism  (Table 4). Any 
com bination of v itam ins which included thiam ine and biotin in the m edium 
also  resu lted  in the grow th of the organism . The density of growth in any 
of the m edia supplem ented with vitam in o r  any com bination of v itam ins 
was low when com pared  to that in y ea s t ex trac t.
The iso lated  o rgan ism  excre ted  ce llu lase  into the m enstruum . As 
can be seen in Fig. 5, the activ ity  of enzym e in the m enstruum  sharp ly  
in c reased  during  the ea rly  sta tionary  phase of growth of the o rgan ism  and 
showed a d ec rease  on fu rth e r  incubation. The level of excreted  to tal p ro ­
te in  in the m enstruum , how ever, in c reased  continuously during the station­
a ry  phase of the cell growth. If the ce llu lase  w ere stab le and e laborated  
continuously, the activ ity  of the enzym e in the m edium  should p a ra lle l the
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Table  4
Effect of v itam ins on the growth of Cellulom onas
V itam ins ii
Growth b
(1 day) (2 days) (3 days) (4 days)
Control (basal medium)
Y east ex trac t -  - -f- + + + 4-  4-
Biotin -  - -  + - + -  4-
Riboflavin - -
Thiamine- HC1 - - + + 4-  4- 4 -  4-
Pantothenic acid -  -
V itam in B^2 -- -
V itam in Bg- HC1 - -
B iotin + Bg- HC1 - - - - 4-  4- + +
Riboflavin- + Bg- HC1
Thiam ine + Bg- HC1 - - + + 4-  4- + +
Pantothenic acid  + Bg - HCl -  - -  - 4-  - + —
Biotin + Riboflavin + Bg* HCl -  - + + 4-  4- + +
Thiam ine- HCl + Pantothenic 
acid + Bg- HCl -  - + + 4-  4- + +
Biotin + R iboflavin + 
Thiam ine-H Cl + Pantothenic 
acid + Bg - HCl -  - 4 -  4- 4-  4- + 4 -
^  0 . 002% of vitam in o r v itam ins w ere  added into basal medium.
b Growth w as determ ined  by v isual observation  of cloudiness fro m  
duplicated tube of each trea tm en t.
Fig. 5. The growth, excretion  of p ro te in  and the cellu lase  activ ity  in 
the m enstruum . The activ ity  of the enzyme was ex p ressed  in 
te rm s  of solubilized ce llu lose . Two ml of cu ltu re  f il tra te  w ere  
withdrawn a t p red e te rm in ed  tim e in te rv a ls  and allowed to ac t 
upon 50 mg of f il te r  p ap er in 4 ml of aceta te  buffer, pH 5 .0 . The 
reaction  w as c a rr ie d  on fo r 24 h rs . a t 30 C and the am ount of 
solubilized carbohydrate  was m easu red  by the phenol su lfu ric  
acid method and ex p ressed  as optical density7 units.
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in c re a se  of to ta l p ro te in  during  the sta tionary  phase. Since the activity  
shows a  steady level, i t  is  highly probable that the enzyme excretion o ccu rs  
only during  a  sh o rt period  of the early  s ta tio n ary  phase. The decline in 
activ ity  a t la te r  s tages could be accounted fo r by e ith er the inheren t instab ility  
of the enzym e o r  by the destruc tion  of the enzym e by ex trace llu la r  p ro teo ly tic  
enzym e activ ity .
As shown in Fig. 6 , the m axim um  enzym e activity , m easured  by the 
amount of solubilized cellu lose , was observed  in the pH region  of 4. 7 to
6 . 8 . The optim um  pH range fo r  the growth of the organ ism  was noted to be 
in  the region  of 6- 8 . This d ifference could be se lectively  u tilized  for 
enzym e assay  in which a  prolonged incubation perio d  was requ ired . F o r 
instance , the enzym e activity  could be m easu red  a t pH 5. 0, although no 
significant growth of the o rgan ism  o ccu rred  a t th a t hydrogen ion concen­
tra tion .
D igestib ility  of cellu losic  m a te r ia ls  by the o rgan ism
The organ ism  could u tilize  many kinds of cellu losic m a te ria l. As 
shown in Table 5, reg en era ted  cellu lose  contained in products such as  
f il te r  p ap er and paper tow els a s  well as  a lk a li- tre a te d  bagasse  w ere eas ily  
d igested, while native cellu lose  contained in cotton fiber and un treated  
bagasse was difficult to d igest o r  not d igested  a t all. Thus it  is  apparent 
that by chem ical an d /o r physical trea tm en t the s tru c tu ra l fea tu re s  of ce l­
lu lose f ib e rs  a r e  a lte red  so that they becom e susceptib le  to enzym atic
Fig. 6 . Effect of pH on the grow th of the organism  and the ac tiv ity  of 
the e x tra ce llu la r  ce llu lase . C M -cellu lose (0.5%) m edium  w as 
used fo r determ in ing  the density  of cell growth.
ENZYME ACTIVITY 
(CELLULOSE MADE SOLUBLE, ug/m! )
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T able 5
D igestib ility  of v a rio u s  cellu losic  m a te ria ls  
by the o rgan ism
S ubstra te
In itial wt. 
(mg)
R esidual wt. 
(mg)
D egree ofi* 
digestion (% 
solubilized)
F il te r  paper 90. 6 40. 7 55. 0
C ellulose powder 97. 0 64. 0 34. 0
PA B-cellulose 92. 9 54. 2 41. 0
CM -cellulose 91. 8 66 . 0 28. 0
A zo-cellu lose 93. 0 74. 0 20.5
Cotton fib re 99 .4 99. 4 0
P a p e r towel 65 .4 46. 0 30 .0
B agasse pith 73. 0 6 5 .4 1 0 . 0
B agasse f ib re s 90. 0 87. 0 3 .4
Sorgo bagasse 109. 2 93. 0 15. 0
A lkali trea ted  
sorgo bagasse 100 . 0 2 0 . 0 80. 0
— D egree of d igestion was m easu red  g rav im e trica lly  a f te r  the o rgan ism  was 
inoculated into 100 ml of m edia containing each su b stra te  as  a  sole source  
of carbon. Inoculum w as incubated fo r 5 days a t 30 C on rec ip ro ca l 
shaker.
degradation. Table 6 shows the effectiveness of alkali tre a tm en t on the 
d igestib ility  of b ag asse  by the o rganism . As the concentration  of a lka li and 
reac tio n  tim e in c reased , the d igestib ility  also  in creased . T h erefo re , some 
so r t  of physica l o r  chem ical p re trea tm e n t of n a tu ra l ce llu lo se  may be 
n ecessa ry  fo r the o rgan ism  to u tilize  it effectively.
P roducts  of enzym atic hydro lysis  of cellu lose
An a ttem pt was m ade, using  paper chrom atography, to de term ine  
w hether g lucose o r cellobiose w as the end product of ce llu lo se  degradation 
by the ex o -ce llu la r  enzym es of the o rgan ism . A s Fig. 7 shows, only 
cellobiose and in te rm ed ia ry  non-reducing  g lycosides w ere  found. Glucose 
w as not found in  detectab le  am ounts in the m edium  in which the o rgan ism  
was grown. It w as p resum ed , th ere fo re , that the  ex trac e llu la r  enzym es 
of the o rgan ism  hydrolyzed cellu lose into cellobiose which was then fu rth e r  
m etabolized inside the cell. R eferrin g  to the m ultip le com ponents in the 
cellu lolytic system  of R eese  (75), only and Cx com ponents, whose 
specific action  a re  to fo rm  lin e a r  chains of anhydroglucose u n its  and c e l­
lobiose resp ec tiv e ly , w ere  p re se n t in the e x trace llu la r  enzym es of the 
organ ism . The B -g lucosidase , whose specific action is  the fo rm ation  
of glucose from  cellob iose, m ay be a m ura l o r  in tra c e llu la r  com ponent 
of the organ ism .
Amino acid  p ro file  of ce ll p ro te in
The e ssen tia l am ino acid content of the c e ll p ro te in  of the o rgan ism
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Table 6
Effect of a lkali trea tm en t on the d igestib ility  
of bagasse  by the o rgan ism
T rea tm en ts D egree of digestion^;
NaOH
<%)
Tem p
(%)
Tim e
(Min)
%
solubilized
2 80 30 44
2 80 15 42
2 100 15 43
10 100 30 43
10 25 90 35
30 80 30 53
30 100 15 59
50 25 90 79
50 100 90 89
£  D egree of digestion was m easured  g rav im e trica lly  a f te r  five days 
incubation.
Fig. 7. P ap e r chrom atography of the hydrolysate of f i l te r  paper.
(1) glucose and cellobiose standard , (2 ) f il te r  paper d igested 
by crude enzym e, (3) crude enzym e, (4) supernatan t of 
cu ltu re  w here the o rgan ism  was grown in the p re sen ce  of f il te r  
p ap er, (5) supernatant of cu ltu re  w here the o rgan ism  was 
grown in the absence of f il te r  paper.
s&fir,
r
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w as determ ined  and the values obtained w ere  com pared  with that of the FAO 
re fe re n ce  p ro te in  p a tte rn  (63) and p ro te in s  of o th er p lant and anim al sources. 
Also included in the tab le  a re  the analyses of single ce ll p ro te in  from  p e tro ­
chem icals . As shown in Table 7, the e ssen tia l am ino acid p a tte rn  of the 
ce ll p ro te in  com pares favorably  with that of FAO re fe ren ce  p ro te in . The 
lysine content, which is  deficient in a num ber of foods, p a rtic u la rly  cerea l 
g ra in s, was higher than the re fe ren ce  p ro te in . The content of o ther e s ­
sen tia l amino acids, such a s  leucine and valine, w ere  ex trem ely  high when 
com pared to the p ro te in s  of o ther sou rces and the FAO re fe ren ce  protein .
The m ethionine content w as com parable to that in w heat flour o r  single cell 
p ro te in  produced fro m  hydrocarbon.
Y ields and com position of the ce lls  grown on ce llu lo se
If m icrob ia l ce lls  a re  to be produced in la rg e  quantities from  
b ag asse  o r o ther ce llu losic  m a te ria ls , i t  is  n e ce ssa ry  to obtain som e 
in form ation  about the y ield  of cell c ro p s  fro m  the su b s tra te  consumed.
Such data  obtained from  experim en ts u tiliz ing  a lim iting  am ount of CM- 
ce llu lose  (0 .1%) under optim al conditions of te m p e ra tu re  and pH a re  p re ­
sented in Table 8 .
A fter 2 days of growth, 26 mg of su b s tra te  w ere  consum ed and 13 
mg (dry weight) of ce ll c ro p s  w ere harvested . F ifty  p e rcen t of the sub­
s tra te  consum ed (13 mg) d isappeared  and could be accounted fo r a s  the 
by-p roducts  of cell m etabolism , such as  H2 O, CO2 , and o ther e x trace llu la r
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Table 7
E ssen tia l am ino acid content of the ce ll p ro te in  
(g ram s of am ino acid  p e r  100 g protein)
Amino Acid
CellulomonasiL 
Cell P ro te in
FAO^ 
R eference P ro te in
W heat £  
F lour B eef£
b . r £
P ro te in
A rginine 9. 21 4 .2 7.7 5. 1
H istidine 2. 30 2 . 2 3 .3 5. 1
Isoleucine 4 .74 4. 2 4 .2 6 . 0 4 .6
Leucine 1 1 . 20 4. 8 7 .0 8 . 0 3 .1
Lysine 6 . 84 4 .2 1.9 10 . 0 6 . 0
M ethionine 1 . 86 2 . 2 1.5 3 .2 1 .1
Phenylalanine 4. 36 2 . 8 5 .5 5. 0 8 . 1
T yrosine 2. 67 2 . 8
Threonine 5. 37 2 . 8 2 ,7 5. 0 1 1 .0
Valine 10. 71 4 .2 4. 1 5 .5 7. 0
£. The sam ple w as hydrolyzed with 6 N HC1 a t 100 C fo r 22 h r . and analyzed 
with a  Beckman m odel 116 amino acid analyzer, in the lab o ra to rie s  of D r.
S. P . Yang, School of Home Econom ics, L. S. U.
— National Academy of Science - N ational R esearch  Council.
— Iyengar, M .S. 1967. P ro te in  from  petro leum . P ap e r p resen ted  a t single 
ce ll p ro te in  conference a t MIT, C am bridge, M assachusetts .
B. P . p ro te in  designates the single ce ll p ro te in  obtained from  hydrocarbons 
by B ritish  P etro leu m  Co.
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Table 8
Growth y ields of the o rgan ism  grown on C M -cellu lose
Y ields
(m g/m g) in 100 ml. (%)
Cell m assil/C H ^O  consum ed^ 13. 0/26. 0 50. 0
P ro te in £ /C e ll m ass 6 . 0/13. 0 46 .2
Non p ro te in -N —/C e ll m ass 1 . 0/13. 0 7.7
Protein /C H gO  consum ed 6 . 0/26. 0 23. 0
— C ells  grown 2 days on a  b asa l m edium  containing 0, 1% of C M -cellulose 
w ere  h arv ested  by centrifugation. C ell crops w ere  d ried  a t 110 C to 
obtain a constan t weight.
— D ifference of CKhjO concentrations in in itia l and final m edium . CH20  
concen tra tions w ere  m easu red  by phenol su lfu ric  acid  method.
— By m icro -K jeldah l method a f te r  ex trac ting  nucleic acids with 5% TCA 
a t 90 C fo r 30 min.
— D ifference of N content in whole c e lls  and hot TCA tre a te d  c e lls .
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non-carbohydrate  p roducts. Under the experim ental conditions of growth, 
it has been found that the cell contains 46. 2% of its  d ry  weight as  p ro te in  and
7. 7% as  non -p ro te in  n itrogen. Hence, a ne t conversion  of 23% of the  carbo ­
hydrate to p ro te in  o ccu rred  under the experim ental conditions.
B. Mixed C ultu re  F erm enta tion  of C ellulose
In ea rly  experim en ts, i t  was found that the iso la ted  sp ec ies  of ce llu lose- 
u tilizing  organ ism , identified as a m em ber of the genus Cellulom onas, r e ­
qu ired  a  sm all am ount of y eas t e x trac t to ensu re  a good grow th {Table 4).
It was also  found that one of the products of ce llu lo se  degradation  found in 
the m enstruum  w as cellobiose (Fig. 7). If a  method of production of m icrobial 
p ro te in  is  to be com petitive in cost w ith o th er p ro te in s , i t  is  im pera tive  that 
a  reasonab le  ra te  of ce llu lose  degradation has to be obtained. F o r th is  
reason , stud ies w ere  undertaken to a sc e rta in  the r a te  of in c rea se  of cell 
m ass by m ixed inoculation of Cellulom onas with ano ther o rgan ism .
If an o rgan ism  capable of growing on the degradation  p roduct of 
cellu lose w ere  found, then a  sym biotic system  could be estab lished  between 
cu ltu res  of Cellulom onas and the second organ ism . Autolyzed ce lls  of the 
second o rg an ism  would provide growth factor(s) fo r the C ellulom onas and 
the degradation product of ce llu lose  would provide a  carbon so u rce  fo r  the 
second organ ism . If th is  sym biosis could be estab lished , i t  would be 
possib le  to elim inate  the req u irem en t of y e a s t e x tra c t for the grow th of 
Cellulom onas and the supply of cellobiose fo r  the grow th of the second
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organism . Since the cellobiose was found a s  an end product of cellu lose 
degradation by the cellu lase  of C ellu lom onas, i t  w as also  postu lated  that if 
the accum ulating cellobiose w as rem oved by the second o rgan ism , the ra te  
of enzym atic degradation  of ce llu lo se  would in c rease  by elim inating the 
p ossib ility  of re p re ss io n  o r  feed back inhibition of the cellulolytic system .
It is  a lso  possib le  that by continuous elim ination of the product (cellobiose) 
by the second o rgan ism , the equilibrium  constan ts in the cellu lolytic system  
a re  a lte re d  so that whole reac tio n  is  pulled tow ard the form ation  of m ore 
product. Thus net re su lts  will be the in c re a se  in the ra te  of hydro lysis  of 
ce llu lose .
A num ber of o rgan ism s w ere surveyed and a  b ac terium  which could 
grow on cellobiose as  the so le carbon sou rce  was selected . This cellob iose- 
u tiliz ing  organ ism  w as la te r  identified as a  m em ber of the genus 
A lca ligenes, and w as found to produce an inducible B -g lucoside-sp litting  
enzym e. The two o rg an ism s w ere inoculated together into a  C M -cellulose 
m edium  supplem ented with 0 . 002% of thiam ine, and the ra te  of growth 
w as com pared  with that of each grown individually.
F igu re  8 dep icts the k ine tics  of the growth of Cellulom onas and 
A lceligenes a s  well a s  the m ixed cu ltu re . The A lcaligenes did not show 
any v is ib le  growth in th is  medium; w hereas Cellulom onas was found to 
grow ra th e r  slow ly, but a t a steady ra te . However, a m ixed inoculation 
of both o rgan ism s re su lted  in a m arked  in c re a se  in the growth ra te  of 
the o rg an ism s. A d ifferen tia l count of the two o rgan ism s m ade during
Fig. 8 . The k ine tics  of growth of Cellulom onas and A lcaligenes in
C M -cellu lose m edium. The o rgan ism s w ere grown sep ara te ly  
under th e ir  optim al conditions; they w ere then h a rv ested  and 
w ashed with physiological saline. One-tenth ml each  of ce ll 
suspension w as inoculated into fla sk s  containing 500 m l of 
0. 5% C M -cellu lose m edium . The medium consisted  of b asa l 
m edium  supplem ented with 0. 002% of thiam ine. The th ird  
flask  w as inoculated with 0. 05 ml each of the two o rg an ism s. 
At p redeterm ined  tim e in te rv a ls , a  sam ple was w ithdraw n 
and the optical density  w as m easu red  a t 600 mu.
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growth (Fig. 9) showed that the m ajo rity  of the population in the m ixed 
cu ltu re  consis ted  of Cellulom onas. F igu re  9 also  shows that by m ixed in­
oculation A lcaligenes grew  to the o rd e r  of 108 c e lls /m l; w hereas the 
o rgan ism  by itse lf  cannot grow in the sam e medium.
C. C ellobiose-U tilizing O rganism  and B -glucosidase 
Isolation and identification of the o rgan ism
The B -g lucosidase  producing bac terium  was G ram  negative, sh o rt 
rod and m otile with p e ritr ich o u s  flage lla  (Fig. 10). Gelatin was not 
liquefied and litm u s m ilk tu rned  alkaline without peptonization. Acid and 
gas w ere  not produced fro m  any of the carbohydrates  te sted  and acety l- 
m ethylcarbinol was not produced. These c h a ra c te r is tic s  w ere  identical 
to the B erg ey 's  d escrip tio n  of the genus A lcaligenes. Of the six  sp ec ies  
d escribed  in the genus, only th re e  spec ies  a re  m otile, and two of the 
m otile sp ec ies  liquefy gelatin . T h erefo re , the iso la te  is  m ost likely 
A lcaligenes faeca lis . In Table 9 the m orphological and cu ltu ra l c h a ra c te r­
is tic s  of the iso la te  a re  com pared with the descrip tion  of the A lcaligenes 
faeca lis  d escrib ed  in B erg ey 's  m anual.
P roduction of the enzym e (B -glucosidase)
The o rgan ism  produced d ifferen t lev e ls  of the enzyme depending 
upon the su b s tra te  on which it was grown (Table 10). C ellobiose, lac tose  
and B -m ethy l-D -g lueoside  induced a lm ost equal am ounts of B -g lucosidase, 
while only a low level of enzyme activ ity  w as noticed in the p resen ce  of
Fig. 9. D ifferential count of Cellulom onas and A lcaligenes during 
growth in C M -cellulose m edium . The count on nu trien t 
a g a r gives to ta l num ber of both o rgan ism s. The count on 
cellobiose ag a r re p re se n t the num ber of A lcaligenes alone 
in the m ixed cu ltu re , since the m edium  lacks the growth 
fac to r(s) (yeast ex trac t o r thiam ine) fo r  the Cellulom onas.
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Fig. 10. E lec tron  m icrograph  of a negatively stained p rep ara tio n  of 
the ce llob iose-u tiliz ing  organ ism . P e ritr ich o u s  flagella  
w ere observed  and no cap su la r m a te r ia ls  w ere noticed.
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Table 9
D escrip tive  ch a rt of the B -glucosidase-producing  bac terium  
and of A lcaligenes faeca lis
M orphological
c h a ra c te r is tic s
F o rm
A. faeca lis
Rods, o ccu rrin g  singly, 
in p a irs  and chains
Iso late
Rods, o ccu rring  
singly
Size
M otility
0. 5 x 1, 0 to 2. 0 u
M otile by m eans of 
p e ritr ich o u s  flagella
0. 5 x 1 .5  u
M otile by m eans of 
p e ritr ich o u s  flagella
G ram  sta in Negative Negative
C ultural
c h a ra c te r is tic s
G elatin colonies C ircu la r , g ray ish  
tran slu cen t
C irc u la r , g ray ish  
tran slu cen t
G elatin p la te  
A gar colonies
No liquefaction
Opaque, en tire , 
non- chrom ogenic
No liquefaction
Opaque, en tire , 
non- chrom ogenic
B roth T urbid , thin p e llic le , 
v isc id  sedim ent
T urbid , thin pe llic le , 
v isc id  sedim ent
L itm us m ilk A lkaline, no o th er 
detectab le change
A lkaline, no o ther 
detectab le  change
Optimum tem p era tu re  25-37 C 25-37 C
Table 9 (continued)
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B iochem ical
c h a ra c te r is tic s A. faeca lis Iso late
N itrite May or m ay not be 
produced fro m  n itra te
Not produced fr< 
n itra te
Indol Not produced Not produced
U rea Not hydrolyzed -
F a t - Not hydrolyzed
Glucose No acid o r  gas No acid o r gas
L actose No acid o r  gas No acid* o r gas
S ucrose No acid o r  gas No acid o r gas
C itra te Not u tilized Not utilized
M annose _ No acid o r gas
X ylose - No acid o r  gas
MR - Negative
VP — Negative
A ll the te s ts  fo r cleavage of carbohydrate  w ere  done with peptone broth 
b asa l m edia, how ever, when synthetic b asa l m edium  w as used  slight acid 
w as produced on lactose .
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Table 10
Level of B -g lucosidase in the o rgan ism  grown on 
d ifferen t carbon  s o u rc e s &
S ubstra te
B -g lucosidase
(un its/m l)
P ro te in
(m g/m l)
Specific activ ity  
(unit/m g protein)
C ellobiose 0. 058 0. 275 0 .2 1 0
L actose 0. 063 0. 310 0.203
B- m ethyl-glue o side 0. 053 0 . 280 0. 190
Glucose 0 . 010 0. 275 0. 036
M elibiose 0. 007 0. 290 0.024
N a-acetate 0 . 000 0 . 100 0 . 000
G alactose 0 . 000 0. 050 0 . 000
G lycerol 0 . 000 0. 150 0 . 000
The organ ism  w as grown fo r  two days on the basal m edium containing 
each carbohydrate  (0. 1%) a s  the sole carbon  source. C ells w ere  
h arv ested , washed, resuspended  in a  sm all am ount of 0. 05 M sodium 
phosphate buffer, pH 7. 0 and sonified. A fter centrifugation the su p er­
natant w as assayed  fo r B -g lucosidase  activ ity  and pro te in . Levels of 
B -g lucosidase a re  ex p ressed  as  specific  activ ity .
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e ith e r glucose o r m elib iose. No detectab le am ount of B -g lucosidase w as p ro ­
duced on sodium  ace ta te , galactose and g lycero l. It is  apparen t, th e re fo re , 
that the syn thesis of B -g lucosidase  in th is organ ism  is  inducible in nature .
F igu re  11 shows that the production of B -g lucosidase c lo se ly  follows 
the growth of the o rganism ; level of the enzym e reached  a  m axim um  a t the 
e a r ly  s ta tio n ary  phase.
P u rifica tion  of the enzyme
Table 11 is  a resu m e of the p rocedure  followed in the purification  of the 
B -glucosidase. The enzym e w as purified  130-fold with a reco v ery  of about 
10% of the in itia l enzym e activity . The active frac tion  w as eluted from  a 
DEAE column with approxim ately  4% NaCl.
P ro tec tiv e  effect of v a rio u s  compounds on B -glucosidase
P a r tia lly  pu rified  enzym e could be s to red  at 4 C fo r  w eeks with m inim al 
lo ss  of activ ity . However, the enzym atic activ ity  of purified  enzym e was 
com pletely destroyed  by lyophilization. The activ ity  w as p a r tia lly  o r com ­
pletely  p ro tec ted  by the incorporation  of such compounds as  inosito l, album in, 
g lycerol, and C M -cellu lose. Long chain hydrocarbons had no p ro tec tiv e  effect 
(Table 12). M ost of the stud ies on the c h a ra c te r is tic s  of the enzym e w ere  made 
with enzym e which had been purified  about 50-80 fold.
E ffect of pH on the activ ity  and s tab ility  of the enzyme
The effect of pH on the hydro lysis  of su b stra te  (PNPG) w as studied
Fig. 11. K inetics of the growth of ce lls  and the syn thesis  of B -glucosidase. 
The o rgan ism , m aintained on glucose m edium , w as inoculated 
into glucose and cellobiose m edia. C ell growth and enzym e p ro ­
duction w ere m easu red  at frequent tim e in te rv a ls . Cell growth 
w as m easu red  by op tical density a t 600 mu and the leve ls  of 
enzym e w ere ex p ressed  as specific activ ity .
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T able 11 
P u rifica tio n  of B -g lucosidase
T otal T otal Total Specific Enzyme
volum e enzym e p ro te in  activ ity  y ield
T rea tm en t (ml) (unit) (mg) (unit/m g) (%)
Crude
ex trac t 1 ,0 0 0 1 , 000 5, 000 0 .2 100
Supernatant 
of strep tom ycin  
(1. 5%) tre a tm e n t 950 850 4, 000 0 . 21 85
P rec ip ita te  of 
am m onium  sulfate 
(40-60% )treatm en t 150 550 720 0. 76 55
Sephadex (G200) 50 270 80 3. 4 27
DEAE(0-5% NaCl) 35 210 21 10 . 0 21
DEAE(2-5% NaCl) 10 95 3. 5 27. 1 9.
72
Table 12
P ro tec tiv e  effect of v ario u s  compounds on the activ ity  
of B -g lucosidase  during lyophilization
Enzyme activ ity  (unit/m l)
A ddition—
Control 
a t 4-5 C
A fter
lyophilization
P ro tec tio n
(%)
None 13. 0 0 0
K erosine (10%) — 9. 6 0 0
Inositol (1%) 13. 0 13. 0 100
Inositol (0. 1%) 13. 0 0 . 6 5
Albumin (1%) 12. 5 5. 1 40
C M -cellulose (1%) 7. 9 1. 4 17
G lycerol (10%).^ 12. 5 5. 2 40
— Each compound of designated  concentration  was dissolved in an enzym e 
solution (0. 25 m g p ro te in /m l) and divided into two portions. One portion  
of each trea tm en t w as kept in the cold and used a s  a contro l, and the 
o ther portion w as lyophilized. A fter lyophilization the enzym e w as 
reconstitu ted  w ith d is tilled  w ate r to the o rig inal volume and the activ ity  
w as m easured  under s tandard  conditions.
■L
— K erosine and g lycero l did not stay  in solid  phase a t 0 C. Thus, i t  was 
n ecessa ry  to fre e z e  th ese  sam ples frequently  during the lyophilization. 
A fter the com pletion of the lyophilization, the kero sin e  and glycero l 
rem ained  in the tubes.
using aceta te  and phosphate buffers. The enzyme had a  wide pH range fo r 
its  activity  with an optim al pH range of 6 . 0-7. 0. The enzym e w as s tab le  in 
solution a t pH 6 .5 -7 . 8 when kep t a t 30 C fo r 2 h r. Rapid inactivation of the 
enzyme o ccu rred  a t pH values above 8 . 0 and below 6 . 0. P reincubation  fo r 
2 h r  a t pH 6 . 0 and pH 8 . 0 re su lted  in 60% and 40% lo ss  of activity , 
respec tive ly  (Fig. 12).
Heat inactivation of the enzym e
Heat inactivation s tud ies  showed th a t the b ac te ria l B -g lucosidase 
w as destroyed easily  by te m p e ra tu re s  above 55 C. At 58 C and 60 C, the 
tim e req u ired  to inactivate  90% of the in itia l activity  was 16 m in and 6 . 5 
m in, respective ly  (Fig. 13).
Energy of activation
The effect of te m p e ra tu re  on the in itia l velocity of su b stra te  hydro lysis  
was studied over the range of 20 C to 45 C a t 5 degree increm en ts. F igu re  
14 shows a conventional A rrhen ius plot of the data. A deviation from  
linearity  was observed  above 40 C. An activation  energy of 9, 500 c a lo rie s  
p e r  mole was calcu lated  from  the slope of the lin e a r  portion  of the line.
K inetics of enzym e reac tio n
H ydrolysis of PNPG by the b a c te ria l B -glucosidase followed ze ro - 
o rd e r  k inetics over the portion  of the cu rv e  up to 50% hydro lysis. The 
in itia l velocity of the reac tio n  w as d ire c tly  proportional to the enzym e con­
centration . With PNPG a s  the su b stra te , a typical M ichaelis-M enten
Fig. 12. E ffect of pH on the activ ity  and stab ility  of b ac te ria l
B -g lucosidase. The s tab ility  of the enzym e w as exam ined 
by preincubating  the enzym e solution, ad justed  to various 
pH, fo r 2 h r . at 30 C. The resid u a l activ ity  in the sam ple 
w as m easu red  under standard  conditions. The enzym e 
activ ity  w as m easu red  a s  d escrib ed  in the tex t using  phosphate 
buffer of d ifferen t pH 's in the reac tio n  m ixture.
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re la tionsh ip  w as obtained betw een the su b s tra te  concentration and the 
in itia l velocity of the reaction . When the k inetic  data w ere plotted acco rd ­
ing to H ill 's  equation, Log (v)/(V m ax-  v) = nlog(S) - log Km , a slope of 0. 8 
w as obtained (Fig. 15). Since the slope ind icates the num ber of active 
s ite s , th e re  is only one type of non-in terac ting  active s ite  in b ac te ria l B- 
g lucosidase. The L inew eaver-B urk  plot yielded a s tra igh t line, from  which 
a  Km value of 1. 25 x lCT^M w as obtained using PNPG a s  the su b stra te  
(Fig. 16).
The affinity of various glucosides fo r the enzym e was m easu red  in a 
s e r ie s  of te s ts  in which the inhibition of PNPG hydro lysis  by a  fixed con­
cen tra tion  of inhib itor was te sted  a t various PNPG concentrations. Ki 
values of 3 x 10- ^, 1 x  10“ ^ and 5 x 10“ we r e  calculated  fo r glucose, 
cellobiose and B -m ethy l-D -g lucoside , respective ly .
S ubstra te  specificity
In o rd e r  to study the su b stra te  specificity  of the enzym e, various 
g lucosides and galactosides w ere  subjected  to enzym atic hyd ro lysis  and 
the lib e ra te d  glucose was m easured . As Table 13 shows, the b ac te ria l 
B -g lucosidase hydrolyzed the compounds of B -configuration only. None 
of the compounds with an alpha configuration w ere  hydrolyzed, except 
fo r a  slight hydro lysis  of sucro se . This m ay be due to the im purity  of 
the chem ical. One in te restin g  observation  was the hydro lysis of B- 
galactoside (lactose) by the purified  B -g lucosidase, even though the ra te
Fig. 15. Kinetic data  p lo tted  accord ing  to the H ill equation.
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Fig. 16. The com petitive inhibition of PNPG hydro lysis  by several 
B -g lucosides. The reac tio n  m ixture (3 ml) contained the 
indicated concentration  of inhib itor and PNPG in 2. 8 ml 
of 0. 01M phosphate buffer, pH 6 . 5 and 0. 2 ml of enzyme. 
A fter 10 m in the reac tio n  was stopped and the activ ity  
w as m easu red  as d escrib ed  in the text.
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T able 13
H ydrolysis of various g lucosides by the B -glucosidase
Substrate Glucose liberated^: 
(m g/ ml)
C ellobiose 0.48
C ello trio se  — 0. 30
C ellodex trin— 0. 24
G entiobiose— 0
Lactose 0. 04
Sucrose 0 . 01
M altose 0
M elibiose 0
M e-B -D -glucoside 0
Ml a  -D-glucoside 0
Salicin 0 .0 2
— The reac tion  m ixture contained 2,. 0 m l of phosphate buffer, pH 6 . 5, 0. 5 ml 
of 0 . 1M su b stra te , and 0. 5 ml of enzym e solution. A fter incubating fo r 
20 m in a t 40 C, 1. 0 ml of the reac tio n  m ixture was withdrawn and heated 
fo r 1 m in in boiling w ater to inactivate  the B -glucosidase activity , and the 
am ount of glucose libera ted  w as de term ined  by the glucostat method ac­
cording to the m an u fac tu re r 's  in s tru c tio n s  (Worthington B iochem ical Corp. , 
F reehold , N .J . 07728).
T_
— C hem icals obtained from  Dr. E. T. R eese  of U. S. A rm y Natick Lab. , 
N atick, M ass.
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of hydro lysis  was only about 10% of the corresponding B-glucoside, 
cellobiose. Very weak hydro lysis  of o -n itropheny l-B -D -galactoside  
by the purified  B -glucosidase w as also  observed.
Enzym e inhibition
The b ac te ria l B -g lucosidase  was inhibited by reagen ts reac ting  
with sulfhydryl groups, such a s  p -ch lo ro m ercu rib en zo a te  and o ther 
m e rc u ria ls . M ercu ria ls  a t a  level of 10“^M com pletely inhibited the 
enzym e activ ity . The reducing agents, d ith io threito l and me reap  to ethanol, 
w ere not effective. However, chelating  agents, EDTA and o-phenanthroline 
showed a m ild inhibitory activ ity . M ost of the cations had no effect on the 
enzym e activ ity , except m e rc u ric , cupric , and fe r r ic  ions, a t the con­
cen tra tion  studied (Table 14 and 15).
M olecular weight of the enzym e
The re su lts  of the m olecu lar weight determ ination  of B -glucosidase 
a re  p resen ted  in Fig. 17, 18 and 19. With gel filtra tio n  the activ ity  peaks 
of ca ta lase , B -glucosidase and cytochrom e C w ere  found in frac tio n s  22,
24 and 39, respective ly  (Fig. 17). When elution volum es (fraction tube x 
5 ml) of each enzym e w ere p lo tted  against m olecu lar w eight on a log scale  
in A ndrew 's fashion (2), a m o lecu lar weight of 160, 000 w as obtained fo r 
B -g lucosidase  from  the graph (Fig. 18). The m olecu lar weight of B- 
g lucosidase w as also  determ ined  by su cro se  density  g rad ien t centrifugation 
a s  shown in Fig. 19. The d is tan ce s  of m igration  of cytochrom e C,
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Table 14
Effect of enzyme inh ib ito rs  on the B -g lucosidase &
Inhibitor
C oncentration
(M)
Inhibition
<%>
None - 0
p-C h lo rom ercuribenzoate 1 .7  x 10“5 100
EDTA 1. 7 x 10“ 2 14
EDTA 1.7 x 10~3 0
1 ,10-Phenanthroline 1 .7  x 10“ 2 43
1 ,10-Phenanthroline 1.7 x 10“3 9
Sodium diethyldithiocarbam ate 1. 7 x 10- 2 27
Sodium diethyldithiocarbam ate 1.7 x 10"3 0
Sodium azide 1. 7 x 10“2 0
2-M ercaptoethanol 1. 7 x 10“2 0
D ithiothreito l 1 .7  x 10"2 0
— The reac tio n  m ix ture contained 2. 0 ml of 0 . 1M phosphate buffer, pH 
6 . 5, 0. 5 m l of inhibitor, 0. 2 ml of enzym e solution, and 0. 3 ml of 
PNPG at 5 x 10“ 3M. The PNPG w as added a fte r  a 20 m in preincubation 
of the o ther com ponents a t 35 C.
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Table 15
Effect of various cations on the activ ity  of B -g lucosidase
Cation!* C oncentration (M) Inhibition (%)
K+ 1 x 10"3 0
Co++ 1 x 10- 3 0
Ni++ 1 x 10~3 0
Ca++ 1 x 10"3 0
Mg++ 1 x 10- 3 0
Hg++ 1 x 10“4 100
Cu++ 1 x 10“4 100
F e++ 1 x 10"3 100
F e++ 1 x 10“4 20
F e+++ 1 x 10"4 0
Zn++ 1 x 10"4 0
— All the cations w ere added a s  ch lorides except Cu++, F e+++, and Zn++, 
which w ere  added as  su lfa tes.
Fig. 17. Gel filtra tio n . A m ixture of enzym es w as f ilte re d  through 
a Sephadex colum n (2. 5 x 50 cm , G200) using 0. 02 M 
phosphate buffer, pH 7.4,  with elution ra te  of 12 m l/h r . 
F ive  ml frac tio n s  w ere co llected and analyzed as 
d escrib ed  in the text.
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pH 7 .4 . The elution volum e w as plotted from  the data 
obtained from  Fig. 17.
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B -g lucosidase  and ca ta lase  w ere 5, 22, and 35, respectively , when de­
te rm in ed  by the num ber of tubes in which activ ity  peaks of each enzyme 
w as found. Using ca ta lase  and cytochrom e C independently a s  a  re fe ren ce  
p ro te in , the m olecu lar weight of B -g lucosidase was calcu lated  a s  124, 000 
and 1 2 0 , 000 , respectively .
DISCUSSION
If biological degradation  of ce llu losic  substances did not occur, the 
ea rth  would be covered with m asses  of dead vegetation. T herefo re , it is 
obvious tha t th e re  e x is t s trong  cellu lo ly tic  ac tiv itie s  in nature . T hese ce l- 
lulolytic ac tiv ities  a re  m ainly due to the ce llu lases  of m icroo rgan ism s.
Even though many an im als and p lan ts a re  known to have ce llu lase s , they do 
not play an im portan t ro le  in the degradation of cellu lose in nature. Hence, 
in v estig a to rs  of ce llu lase s  have concentrated  th e ir  attention on the ex tra ­
ce llu la r  ce llu lase s  produced by m icro o rg an ism s. The fungi have been the 
sub ject of m ost in tensive stud ies because of ease  of production and high 
cellu lolytic ac tiv ities. However, as a sou rce  of single cell p ro te in  fungi 
a re  not as d es irab le  as  b a c te r ia  o r  y eas t because of th e ir  high content of 
non d igestib le  substances in th e ir  cell w alls, such as ce llu lose , lignin, 
chitin , etc. T herefo re  fo r the production of single ce ll p ro te in  from  cel­
lu losic  w aste, b ac te r ia  having strong  cellu lo ly tic  activ ity  w ere  sought.
Many species of b a c te r ia  a re  already  known to have ce llu la se s , but, ce ll- 
f re e  enzyme p rep ara tio n s  from  these b a c te r ia l so u rces  a re  generally  weak 
o r  not active a t all fo r native cellu lose. Thus it  was decided to iso la te  ce l­
lu lo se-u tiliz ing  b ac te r ia  fro m  the soil.
The isolation of cellu lose-u tiliz ing  b a c te r ia  p re sen ts  ce rta in  d ifficu lties, 
m ainly because of the  lack of p ro p er so lid  m edia. Since ce llu lo se  is  in­
soluble in aqueous m edia, many attem pts have been m ade to substitu te  som e
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o th er soluble su b s tra te s , such as cellobiose o r ce llu lose  d eriv a tiv es for the 
cellu lose. T hese substitu tions usually  re su lt in the iso lation  of b ac te ria  
capable of u tilizing  substitu ted  cellobiose o r ce llu lose  d eriv a tiv es  but not 
native cellu lose. U sually cellu lo ly tic  b ac te r ia  can grow on th ese  substitu ted  
su b s tra te s  but those which can grow on these substitu ted  su b s tra te s  can not 
grow on cellu lose. T h erefo re , the iso la te s  from  th ese  substitu ted  m edia 
frequently  contain m ore  than one sp ec ies  of o rg an ism s.
With conventional enrichm ent and plating techniques, the isolation 
of pure cu ltu re s  of ce llu lo se  utilizing  o rgan ism  is  r a th e r  difficult. Of the 
many m ethods used in th is study, the te rm in a l dilution method was p a rticu la rly  
successfu l fo r the sep ara tio n  of a single species fro m  a m ixed cu ltu re  of 
o rgan ism s.
The iso la ted  sp ec ies  of ce llu lo se-u tiliz ing  b ac te riu m  w as identified 
as  a m em ber of genus Cellulom onas and ce llu lase  activ ity  w as observed 
ex trace llu la rly  during  the growth of the organism . F ro m  the re su lts  shown 
in F igu re  5, it is  apparen t that the enzym e activ ity  in  the m enstruum  sharply  
in creased  a t the e a r ly  sta tionary  phase of the growth. Since the o rgan ism  
was capable of hydrolyzing cellu lose even during i ts  logarithm ic  phase of 
growth, it is  reaso n ab le  to assum e th a t the enzyme is  in tram u ra lly  located 
and is  re le a se d  into the m edium  due to ce rta in  tra n sfo rm a tio n s  in the s tru c tu re  
of the ce ll wall of the o rgan ism  a t the end of the logarithm ic  phase. P erhaps 
it is  n ecessa ry  fo r the stab ility  of the enzym e that i t  has to be bound to a 
su rface. It is  known that the stab ility  of many enzym es tow ards heat o r
so
e x trem es  of pH can be increased  by attachm ent of enzym es to solid  m a trice s  
(11). T h is  m ight explain the decline in cellu lo ly tic  activ ity  desp ite  the in c rease  
in  p ro te in  content in the m enstruum  on prolonged incubation of sta tionary  
c u ltu re s  (Fig. 5).
The Cellulom onas iso la te  could u tilize  many kinds of cellu losic m a te ria ls , 
m ainly reg en era ted  cellu lose o r p re tre a te d  cellu lose. Native cellu lose such 
a s  cotton f ib e rs  and un treated  bagasse w ere  not d igested. Thus re fe rr in g  to 
the m ultip le com ponents in cellulolytic system  (75), only the Cx component 
m ay be p re se n t in th is  organism . com ponents, whose specific action is  in­
volved in in itia l a ttack  on the native ce llu lose  f ib e rs , may be p re se n t a t ex­
trem e ly  low levels  o r  not a t all. The an aly sis  of the hyd ro lysates of f ilte r  
p ap ers  by cu ltu re  f il tra te s  and the superna tan ts  of growth m edia showed the 
p re sen ce  of cellob iose and o ther in term ediate  carbohydrate , but no detectable 
am ount of glucose. These re su lts  indicate th a t the B -g lucosidase, whose 
action is  to break  down cellobiose into glucose un its, is  in trac e llu la r  in 
natu re . Thus the cellu lo lytic system  in th is  o rgan ism  can be v isualized  in 
such a way that the cellu lose is  broken down to sm a lle r  chain lengths and 
thus solubilized  by the ex trace llu la r Cx com ponent and eventually converted 
into cellob iose  in the m enstruum . The cellob iose is  then taken up by the cell 
and hydrolyzed by the in trace llu la r  B -g lucosidase  to fo rm  glucose units 
and fu r th e r  m etabolized by reg u la r m etabolic sy stem s in  the cell. In la te r  
experim en ts  the p resen ce  of in trac e llu la r  B -g lucosidase in th is o rgan ism  
w as confirm ed.
A second organ ism  (A lcaligenes) w as iso lated  which facilita ted  the o v er­
a ll cellu lolytic reaction  by elim inating  the accum ulating cellobiose and p ro ­
viding growth factor(s) to the C ellu lom onas. The sym biosis resu lted  in an 
in c rea se  in growth of both o rgan ism s involved. Several explanations can be 
advanced to account fo r the behavior of the two o rg an ism s in the m ixed culture . 
C ellulom onas perhaps is  able to a ss im ila te  cellob iose only a t a  slow ra te  and 
the accum ulation of cellobiose in the m edium  inhibits the activ ity  of the cellu- 
la se  and th is  re su lts  in the re ta rd a tio n  of the growth. Continuous p a r tia l r e ­
m oval of cellobiose by the second o rgan ism  leads to a rem oval of the lim iting 
fac to r  of the growth of C ellu lom onas, nam ely the cellu lo ly tic  activ ity  of the 
o rgan ism  and thereby enhances i ts  growth. Or it m ight be that the A lcaligenes 
supplies the n ecessa ry  growth fac to r(s) req u ired  fo r  the cellulolytic organism . 
The req u irem en t of a  growth fac to r fo r the Cellulom onas was shown in Table
4. It is  a lso  possib le  that the second o rgan ism  (A lcaligenes), which p o sse s se s  
an efficient B -g lucosidase, may c ro ss -fe e d  the Cellulom onas with glucose 
fro m  the breakdown of cellob iose. However, e x trac e llu la r  B -g lucosidase in 
the second organism  (A lcaligenes) w as not confirm ed. F u r th e r  experim en­
tation  is requ ired  before any conclusion can be draw n about the m echanism  of 
in te rac tio n  between the two o rgan ism s.
The c h a ra c te r is tic s  of the iso la ted  spec ies  of cellobiose utilizing  
o rgan ism  w ere very  s im ila r  to those of A lcaligenes faeca lis  a s  d escrib ed  in 
B erg ey ’s with the one exception that the iso la te  could be induced to synthesize 
B -g lucosidase  with various B -g lucosides and lac ^se . The A m erican  Type
C ulture Collection (ATCC 8750) cu ltu re  of_A. faeca lis  could not be induced to 
synthesize B -g lucosidase with these  compounds. A ccording to B erg ey 's  
m anual, the genus A lcaligenes generally  does not u tilize  carbohydra tes . A. 
faeca lis  is  d escrib ed  a s  not producing any detectab le  am ount of acid o r gas 
from  carbohydrates. T his was tru e  fo r the iso la te  when it was grown on 
peptone broth  b asa l m edium  supplem ented with v ario u s  carbohydra tes . How­
ever, when the iso la te  was grown on synthetic b asa l m edium  supplem ented 
with lac tose , a slight am ount of acid w as produced. The d ifference is  con­
s id ered  to be due to the buffering action of peptone in the com plex medium.
The iso la te , as  w ell a s  A. faeca lis  from  ATCC, grew  on lac to se  as  a sole 
carbon sou rce , even though the ce ll yield was low (1 g w et weight p e r  1 
l i te r  of m edium ). T h erefo re , carbohydrate  u tiliza tion  is  not a  good 
c r ite r io n  fo r the ch a rac te riza tio n  of genus A lca ligenes.
Since the o rgan ism  produces B -g lucosidase  only in the p resen ce  of 
ce rta in  su b s tra te s , it is  apparen t that the production  of B -g lucosidase  in 
th is  o rgan ism  is  inducible in nature. Induction of enzym e syn thesis  o ccu rred  
not only with the B -g lucosides, but a lso  with lac to se , which is  a B -galactoside . 
Since lac to se  induces B -g lucosidase  syn thesis  and the o rgan ism  grow s on 
lac tose  a s  a sole carbon  sou rce , the possib ility  of hydro lysis  of lac to se  by 
the enzym e was investigated . P u rified  B -g lucosidase  indeed hydrolyzed 
lac to se , which is  B -1 ,4  galactosy l-g lucose , a t about 10% of the veoocity of 
the hydro lysis of the co rresponding  B -glucoside, cellobiose. Veibel (95) a lso  
m entioned the hydrolytic effect on B -galac tosides of many B -g lucosidase
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p rep ara tio n s . Even though the B -g lucosidase  ca ta lyzes a  low ra te  of 
hydro lysis  of lac to se , the m ain agent of hydro lysis  of lac to se  in th is organism  
is  not by B -g lucosidase but B -galactosidase. A la rg e  quantity of B -galacto- 
s idase  w as found in the crude ce ll ex tra c t of the o rgan ism  grown on lactose 
m edium . T h erefo re , the lac to se  induces both the syn thesis of B -glucosidase 
and B -g a lac to s id ase  in th is organism .
B -m ethyl-g lucoside was a good inducer fo r  the syn thesis of B -glucosidase. 
However, the purified  enzyme did not hydrolyze B -m ethyl-g lucoside to any 
detectab le  extent. T h ere fo re , B -m ethy l-g lucoside  a c ts  a s  a  gratu itous inducer. 
If th is  is  indeed the case , it is  difficult to  explain the fact that the organ ism  
grow s on B -m ethyl-g lucoside a s  a sole carbon source .
The specific ity  of B -g lucosidase v a r ie s  considerab ly  with the species 
of the o rg an ism  producing the enzym e and the conditions under which the 
organ ism  is  grown. B -g lucosidases fro m  many so u rces  (14, 18, 38, 58, 59,
84) a re  rep o rted  to have only a ry l-B  g lucosidase activ ity  and v ery  low o r zero  
ce llob iase  activ ity . T his b ac te ria l B -g lucosidase  hydrolyzed both cellobiose 
and a ry l-B -g lu co sid e  (PNPG). The specific ity  of B -g lucosidase  with re g a rd  
to the configuration about carbon atom  #1 of the glucosyl re s id u e  is  consid­
e red  to be absolute. B ac te ria l B -g lucosidase  hydrolyzed only the B-config- 
ura tion . None of the alpha-g lucosides tested  w ere  hydrolyzed except sucro se , 
which w as slightly  hydrolyzed by the b a c te r ia l B -g lucosidase . This w as con­
sid ered  to be due to im purities  in the chem ical. The specific ity  a t carbon 
atom  #4 has been exam ined thoroughly. E p im eriza tion  of the #4 carbon
s.
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atom  tra n sfo rm s  the B -g iucosides into B -galac tosides, which a re  rep o rted  
to be hydrolyzable by almond em ulsin  and B -glucosidase p rep ara tio n s  from  
alm ost every  source, even if the v e lo c ities  a re  only about 10% of the velocity 
of hydro lysis  of the corresponding B -g lucosides (95). B ac te ria l B -g lucosidase 
also  hydrolyzed B -galactoside , o -n itropheny l-B -D -galac toside  (ONPG) and 
lac to se  a t about 10% of the velocity of hydro lysis of the p -n itropheny l-B -D - 
glucoside (PNPG) and cellobiose. Among the a ry l-B -g lu co s id es, sa lic in  was 
only slightly  hydrolyzed while PNPG w as hydrolyzed very  easily . The dif­
fe ren ce  is  probably due to the s trong  e lec tro -n eg a tiv ity  of the n itro  group 
in PNPG.
It is  difficult to com pare d ire c tly  the data obtained in d ifferen t lab o ra­
to r ie s , even on the sam e enzym e, because of d ifferences in experim ental 
m ethods and conditions. However, fo r  the sake of convenience, data on 
B -g lucosidase from  various so u rces  have been accum ulated and are com ­
pared . Table 16 shows that the b ac te r ia l B -g lucosidase has many ch arac ­
te r is t ic s  s im ila r  to those from  o ther sou rces . M ichaelis ' constant (Km), 
energy of activation (Ea), heat re s is ta n c e  value (D), pH optim um , and 
affinity constant (Ki) for sev era l g lucosides a re  ra th e r  s im ila r . However, 
the m olecu lar weight of b ac te ria l B -g lucosidase  is  one-half to one-th ird  
that of y eas t B -g lucosidase. F lem ing and D uerksen (19) postu lated  that the 
y e a s t B -g lucosidase is  com posed of th ree  o r four s tru c tu ra l subunits and 
they calcu lated  the m olecu lar weight of the polym er and m onom er as 325, 000 
and 110, 000 respective ly . Thus it ap p ears  that the b ac te r ia l B -g lucosidase
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Table 16
C om parison of the p ro p e rtie s  of B -g lucosidases fro m  various so u rces
B ac te ria  Y east^  Y east^  Fungi— P lan t£  Rum en^
M. W.
Km(M)
E a(cal/M )
120 , 000-  
160,000
1 2 .5 x l0 "5
9,500
H eat D58=16- 0
re s is ta n c e  D6 q=6 . 5
Optimum 6 . 0-7. 0
pH
pH 6 .5 -8 . 0
stab ility
Ki
300,000 325,000-
335,000
8 . 05x10“ 5 llx lO ' 5 5 .0 x l0 - 5 2 .6 x l0 "3 8 . 6x l0 - 4
16,000 15,800 7,800
D56=28. o l  D48=13. 0^ —
6 .4 -6 . 8  5 .7 -5 . 8  5 .0  5 .5  5 .4 -5 . 8
6 . 0 -8 .0  5. 0 -7 .0
B -m e-
glucoside 5 x 10“^
cellobiose 1 x 10- 3
glucono-
lactone
5.6x10“2 1.9x10" 2 1. 0x10" 1
1.5x10“ 1 1. 4 x l0 -1  5. 9x l0 - 2
5 .0 -7 .0
glucose 3 x 10' 3 8 . 5x l0~3 3. 4x l0 - 3  1. 9x l0"4 2 . lx lO "1
9 x  10-5
Enzym e
production Inducible Inducible constitutive
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Table 16. (continued)
a D uerksen and H alvorson (6 ).
b F lem ing and D uerksen, (8 ). P ro p e rtie s  of Y -18.
£  Je rm y n , (15, 16). 
d Heyworth and W alker, (12, 13). 
e Conchie, (3).
f D value w as calcu lated  from  the graph in the orig inal paper.
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has a s ize  s im ila r  to that of one subunit of y eas t B -g lucosidase .
B -g lucosidase from  Stachybotrys a tra  is  rep o rted  to have a t le a s t two 
types of binding s ite s  (38). The b ac te ria l B -g lucosidase d isp lays a typical 
M ichelis-M enten re la tionsh ip , gives a slope of about 1 in a p lo t of the Hill 
equation (Fig. 15), and shows a f i r s t  o rd e r  ra te  of hea t inactivation (Fig. 13). 
All th ese  re su lts  indicate that only one type of n o n -in terac ting  active s ite  is  
p re se n t in the b a c te r ia l B -glucosidase m olecule. The ac tiv ity  of the purified  
enzym e was com pletely  destroyed  by lyophilization. The ac tiv ity  was com ­
p le te ly  o r  p a rtia lly  p ro tec ted  by the addition of such compounds as inositol, 
g lycero l o r album in before lyophilization. Thus, i t  is  speculated  that the 
enzym e has exposed hydroxyl o r sulfhydryl groups, which eas ily  in te ra c t 
with each o ther to a l te r  the native conform ation during  the dehydration 
p ro c e ss . The ex istence of sulfhydryl groups in th is  enzym e w as shown by 
inhibition te s ts  using p -ch lo rom ercu ribenzoa te  and o ther m e rc u ria ls  (Table 
14, 15). The p ro tec tin g  compounds, thus, a re  believed to bind to the exposed 
reac tin g  m oiety of the enzym e and preven t the in te rac tio n  of enzym e m olecules.
The inactivation of B -g lucosidase by the addition of s a lts  of heavy 
m eta ls , especia lly  of m ercu ry , s ilv e r and copper, is  w ell known (55,95).
The inactivation m ight be due to nonspecific sa lt fo rm ation  with the enzym e, 
since the activ ity  is  re s to re d  if the heavy m etal is  p rec ip ita ted  by hydrogen 
sulfide. The activ ity  of b ac te ria l B -glucosidase w as also  affected by som e 
of th ese  chem icals. The inhibitory  effect of various m eta ls  on enzyme activ ity  
is  co n tro v ers ia l. M andels and R eese (55) p resen ted  a  table which shows wide
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discrepancy  among the v arious w o rk e rs  as  to which m etals  a re  inhibitory. 
W ell known inh ib ito rs, such as  s ilv e r  and copper, a re  lis ted  among both the 
inactive group a s  w ell as  in the active  group. T hese d ifferences may be due 
to v aria tio n s  in experim ental conditions such as  pH, ionic concentration of 
buffer, concentration  of enzym e and the p resen ce  of im p u rities  in enzyme 
solution.
A sulfhydryl inh ib itor, p -ch lo ro m ercu rib en zo a te , was an ex trem ely  
effective inhibitor fo r  the activ ity  of b a c te ria l B -g lucosidase , suggesting the 
ex istence of sulfhydryl groups in the enzym e m olecule. C ellu lases have 
been rep o rted  (55) to lack sulfur-containing am ino acids, even though some 
of the ce llu lase  w as inactivated  by p -ch lo ro m ercu rib en zo a te  a t re la tiv e ly  
high concentrations (10- 3  -  10- 2M). R eese  and M andel (76) found a  strong 
inhibitory  effect of zinc and disodium  ethylene b isd ith iocarbam ate  (10“^M) 
on ce llu la se s  from  T richoderm a v irid e  and M yrothecium  v e rru c a r ia , but 
they had no effect on any B -g lucosidase  tested . B ac te ria l B -glucosidase 
also  w as not affected by reducing  agents, such as  d ith io threito l, m ercap - 
toethanol, azide and d ith iocarbam ate . L ikew ise, such cations as  Zn++,
Mg++, Ca++, Co++, Ni++, a re  not effective inh ib ito rs  for the B -glucosidase.
B -g lucosidase  activ ity  on PNPG w as com petitively inhibited by such 
compounds as cellobiose, glucose and B -m ethy l-g lucoside. Cellobiose 
showed the highest affinity (Ki) to the active s ite  of the enzym e and also  
lib e ra ted  the m axim um  am ount of g lucose when the enzyme acted  on the sam e 
m olality  of various glucosides. Since cellobiose is  one of the products of
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ce llu lase  action on cellu lose, it is  believed to be a good inhibitor fo r m ost 
ce llu la se s  (55). Cellobiose, how ever, showed very  low affinity to many o ther 
B -g lucosidases (14, 18, 38, 84).
The com m ercia l developm ent of m icrob ial p ro te in s from  cellu losic  
m a te r ia ls  o ffers d istinct advantages over the m anufacture of single cell 
p ro te in s  from  petrochem icals. F ir s t ,  the availab lility  of ce llu lo sics  su rp a sse s  
the so u rces  of hydrocarbons su itab le fo r the production of single ce ll pro te in . 
C onversion of hydrocarbons into single ce ll p ro te in  re q u ire s  a  knowledge 
of an advanced technology of petro leum  refin ing, which is  a t p re se n t lacking 
in developing coun tries, w here the need fo r  p ro te in  is  fe lt the m ost. In sp ite  
of the g re a t s tr id e s  the ferm entation  of hydrocarbons has taken in the la s t 
decade, the p ro c e ss  faces a num ber of p rob lem s because of the im m iscib ility  
of the su b s tra te s  in w ater. Since the hydrocarbons a re  in a  low er s ta te  of 
oxidation than the usual carbohydrates, oxygen req u irem en ts  in such system s 
a re  high. Some p ro g re ss  has been rep o rted  in efficient m ass  tra n s fe r  of 
oxygen in hydrocarbon ferm entation.
M icrobial ce lls  have a tendency to syn thesize a la rge  amount of fat 
in hydrocarbon su b stra te s  and unused hydrocarbons adhere tenaciously to the 
ce ll su rface . In the case  of cellu lose su b s tra te s , conventional techniques of 
. erm entation  can be used with p ro p er se lection  of the o rgan ism s. F u r th e r­
m o re , since ce llu losics  fo rm  a la rg e  percen tage of solid  w astes  in highly 
developed coun tries, the advancem ent in the technology of ce llu lose  fe rm en ta­
tion m ight lead to an im portant method fo r d isposal of w astes  and th e ir  con­
v ers io n  into useful p roducts.
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